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Abstract: In the search for novel anode materials for lithium-ion batteries (LIBs), organic electrode
materials have recently attracted substantial attention and seem to be the next preferred candidates for
use as high-performance anode materials in rechargeable LIBs due to their low cost, high theoretical
capacity, structural diversity, environmental friendliness, and facile synthesis. Up to now, the elec-
trochemical properties of numerous organic compounds with different functional groups (carbonyl,
azo, sulfur, imine, etc.) have been thoroughly explored as anode materials for LIBs, dividing organic
anode materials into four main classes: organic carbonyl compounds, covalent organic frameworks
(COFs), metal-organic frameworks (MOFs), and organic compounds with nitrogen-containing groups.
In this review, an overview of the recent progress in organic anodes is provided. The electrochemical
performances of different organic anode materials are compared, revealing the advantages and disad-
vantages of each class of organic materials in both research and commercial applications. Afterward,
the practical applications of some organic anode materials in full cells of LIBs are provided. Finally,
some techniques to address significant issues, such as poor electronic conductivity, low discharge
voltage, and undesired dissolution of active organic anode material into typical organic electrolytes,
are discussed. This paper will guide the study of more efficient organic compounds that can be
employed as high-performance anode materials in LIBs.

Keywords: lithium-ion batteries; redox-active organic anode; organic anode materials

1. Introduction

Rechargeable lithium-ion batteries (LIBs), one of the most successful commercialized
secondary batteries, play a pivotal role in every aspect of our lives thanks to their suitable
energy density, long service life, excellent rechargeability, and prolonged storage capacity.
Nowadays, LIBs are an integral part of different consumer electronic devices, such as
smartphones, laptops, watches, power banks, digital cameras, tablets, etc., and are expected
to fuel plug-in hybrid electric vehicles and to be applied in smart grids in the near future.
With worldwide industrial development and techno-economic growth, the energy density
requirements for the above-mentioned energy-storage devices have continuously increased
in the past few decades. In order to satisfy the ever-growing demand for consumer
electronics and electric vehicles, achieving higher energy /power densities and longer cycle
lives of LIBs has risen as a major issue for the development next generations of high-energy
rechargeable Li-ion batteries.

In LIBs, the choice of electrode active materials is the dominant factor influencing
the electrochemical performance of the batteries to a large extent. However, presently
available commercial LIBs assembled with inorganic layered transition metal oxides, such
as LiCoO, (LCO), LiMnyO4 (LMO), LiFePOy (LFP), LiNixCoyMn 1y (NCM), etc. [1], as
a cathode material and graphite or Si/C as the most commonly used anode material reach
their limit in terms of sustainability, capacity, and output voltage. Graphite usually applied
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as a commercial anode in the current state-of-the-art LIB has poor rate capability and a
low theoretical specific capacity of 372 mAh/g which significantly hampers the further
development of LIBs [2—4]. Great research efforts have been put forth to find suitable
alternatives to conventional graphite anodes with enhanced energy and power density.
Thus, a variety of alloy-based materials (e.g., Sn, P, Ge, Si, Bi, Sb) and transition metal
oxides (MxOy, M = Ni, Mn, Fe, Cr, Mo, Co, Nb, etc.) have been extensively investigated as
high specific capacity LIBs anodes [5-11]. However, these anode materials for LIBs have
poor electrochemical stability and fast capacity fading which impede their commercial
application for Li-ion batteries.

Organic compounds with electroactive functional groups or moieties, either a polymer
or small organic molecule, can undergo an electron transfer through a reversible electro-
chemical redox reaction. Therefore, they are suitable for the conversion and storage of
chemical and electrical energy.

Compared with conventional inorganic anode materials, redox-active organic anode
materials are endowed with obvious advantages, such as low cost, structural diversity,
environmental friendliness, outstanding flexibility in their molecular design, low weight,
and higher theoretical capacity, which can meet the rising demand for the energy density
of next-generation battery systems [12-15]. In contrast to inorganic compounds, organic
materials are mainly composed of such chemical elements that are widely distributed in
nature (e.g., C, H, O, N, S). Thus, organic anode materials can be easily synthesized from
renewable resources in facile steps [16] that have a minimal environmental footprint [17].
Moreover, both the tunable molecular structure and high structural diversity of organic
compounds, unlike those of their metal-ion inorganic counterparts, allow for optimizing
the electrochemical performance of organic electrode materials, such as redox activity and
operating voltage in various metal-ion batteries [18-21].

For instance, the electronegativity of substituents in organic compounds could tune
the redox potential. It was corroborated that the introduction of an electron-withdrawing
group into the redox active organic molecule enhances the redox potential because the
electron cloud around the redox center of the organic material is attracted toward higher
electronegative groups, such as heteroatoms [22]. On the contrary, attaching an electron-
donating group to the redox-active organic molecule reduces the redox potential [23]. It
should be emphasized that some organic compounds enable the batteries to be exploited
in extreme conditions, such as a high pH value, an extended temperature range from —70
to 150 °C, and the presence of oxygen [24]. With these advantages of organic electrode
materials, LIBs based on organic electrodes have attracted considerable research interest
and have made magnificent progress [20,24-29].

Due to the versatile properties of organic electrodes, various types of organic materials
have been used in all kinds of rechargeable batteries, comprising all-solid-state batteries,
nonaqueous sodium-ion, lithium-ion, potassium-ion, dual-ion batteries, multivalent-metal
batteries, redox flow batteries, and aqueous batteries [24]. Furthermore, apart from small
organic molecules, different polymers, polymer frameworks, and 2D organic materials can
also be adopted as organic electrodes in rechargeable batteries [30-33].

For a long time, organic anode materials have received much less attention compared
to their inorganic counterparts mostly because of their relatively low electronic conduc-
tivity and the tremendous success of inorganic anode materials in either application or
research. Although there are already numerous reviews of organic electrode materials
used in different kinds of rechargeable batteries [14,16,17,24,25,34-37], a review article that
briefly, simply, and systematically introduces the fundamental knowledge of organic anode
materials for LIBs is still absent.

Inspired by the advantages of organic electrode materials, we decided to write this
review paper, as a brief introduction to the representative organic anode materials in LIBs,
as well as the fundamental principles, state-of-the-art developments in organic anodes,
and outlooks of these perspective materials for LIBs, aiming to cause more interest and
innovation in the battery industry.
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2. Fundamentals of Organic Anode Materials
2.1. Basic Components of an Electrochemical Cell

Rechargeable (also called “secondary”) batteries consist of two electrodes, a cathode
(or positive electrode) with high redox potential and an anode (or negative electrode) with
lower redox potential, in contact with an electrolyte (either solid or liquid). The electrolyte
system with low viscosity, high stability, and ionic conductivity at a large potential window
is preferred. Furthermore, electrolytes must be inert towards both the cathode and active
anode materials. The cathode and anode of the cell are connected through an external
circuit. To avoid short circuits, the cathode is mechanically separated from the anode
by an electronically insulating porous membrane (usually named separator). These are
the widespread cell components for a battery. Figure 1 depicts a schematic of a typical

battery design.
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Figure 1. Schematic showing of the processes occurring during discharging of (a) traditional inorganic
and (b) organic electrode-based Li-ion batteries. Instead of intercalation-based reactions in inorganic
compounds, organic compounds undergo surface-based redox reactions. Reprinted with permission
from Ref. [38], Copyright 2016, American Chemical Society.

2.2. Mechanism of Charge Storage in Lithium-Ion Batteries and Working Principles of Organic
Anode Materials

During the charging process of a battery, electrons are forced (by an applied potential
or current) from the positive electrode to the negative electrode, oxidizing the cathode and
reducing the anode. During the discharge process of a battery, electrons spontaneously flow
in the opposite direction (from the negative electrode to the positive electrode), reversing the
previous redox reactions. Thus, both positive and negative electrodes, with various redox
potentials, must be capable of reversible electrochemical redox reactions. The difference
in chemical potential between these reactions constitutes the operating voltage of the cell,
also known as the open circuit voltage.

In contrast to inorganic electrode materials, with redox reactions that are based on the
valence change of the elemental substance or transition metal, the redox reaction of organic
electrode materials is based on the change in the charge state of the redox active organic
species or an electroactive organic group. When an active electrode material changes its
state of charge, oppositely charged ions in the electrolyte diffuse into the active material to
charge compensate. Depending upon the potential of this redox process, organic materials
can either be suited for use as a cathode or anode active material. The polarized state of
organic active material is used for interaction with the mobile ion.

In other words, a reversible metal ion intercalation-based electrochemical redox reac-
tion is employed to store the charge in conventional inorganic-based electrode materials.
In organic electrode materials, a change in the charge state of the redox active moieties is
utilized to store the charge. During the charge and discharge electrochemical process, the
inorganic-based electrode structure is stabilized by the change in the oxidation states of the
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transition metals from inorganic cathode materials for LIBs, while in organic electrode ma-
terial, the polarized state of organic active material is commonly balanced by its interaction
with metal ions from the electrolyte.

2.3. Types of Organic Anode Materials and Their Advantages

According to different redox reactions of organic electrode materials, they can be
generally classified as N-type, P-type, or bipolar (Figure 2). N-type organics obtain a nega-
tive charge (N ™) from the original neutral state (N) during the electrochemical reduction
reaction and revert to their initial state by oxidation. P-type organic compounds (P) are
oxidized during the redox process yielding positively charged cations. B-type (or bipolar)
organics are another type of organic compound, for which the initial neutral state (B) can
be either oxidized to a positively charged state (B*) or reduced to a negatively charged
state (B™), which depends on the applied voltage. B-type organic compounds can be also
considered N- or P-type organics since, in general, only half of the reaction takes place on
one electrode.

a °+®+e‘=

*0'.-0 *8'.*@
c Ey~-—K3 Li*| B~

Figure 2. The reversible redox reaction of three types of redox-active organic compounds: (a) N-type;
(b) P-type; (c) bipolar. The anion of the electrolyte is denoted as A~. Used with permission from
the Royal Society of Chemistry, from Ref. [39]; permission conveyed through Copyright Clearance
Center, Inc.

In the electrochemical oxidation reaction of P-type or reduction reaction of N-type,
anion (A™) or cation (Li*) are, respectively, required to neutralize the positive charge of P*
or the negative charge of N™. In the reverse redox reaction, lithium cations or A~ anions
will move back from the electrode to the electrolyte.

The noticeable difference between N-type organic materials and inorganic intercalation
compounds is that lithium ions can be substituted by other alkali metals, such as K* and
Na* or even H* cations, which will not significantly influence the electrochemical behavior
of the material. Inorganic intercalation compounds, on the contrary, are very sensitive to
the ionic radius of the cation.

For P-type organic materials, many kinds of anions can be adopted as A™, e.g., NO3 ™~
and Cl™ in aqueous electrolytes, or TFSI™, PFs~, BF4~, and ClO4 ™ in non-aqueous electrolyte.

B-type organic compounds can act simultaneously as an anode and cathode active
material. For instance, Yang and coworkers [40] reported such a bipolar organic compound
as polyparaphenylene, which has a large potential gap of 3.0 V and electrochemical re-
versibility for the electrochemical p- and N-type redox reactions. They indicated that this
bipolar redox-active polymer is the most attractive candidate for application in all-organic
batteries with the same cathode and anode active material. The findings demonstrated that
polyparaphenylene could be either p-doped with a specific capacity of 80 mAh/g at high
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potentials of >3.9 V or n-doped with a superior specific capacity of 350 mAh/g at a quite
low potential region of <1.5 V [40].

2.4. Advantages of Organic Anode Materials

It should be noted that in traditional inorganic intercalation-based electrode materials,
lithium-ion insertion leads to the transformation of the cathode lattice structure. This result
in heat generation and slow reaction kinetics during the charge/discharge process. At
the same time, fast insertion and de-insertion of lithium-ion may result in the structural
degradation of the cathode material. These challenges substantially affect both the rate
and cyclic performance of the typical LIBs, impeding their role in long-life and high-
power applications. In contrast, organic electrode materials undergo fast and simple
redox reactions without structural degradation of the electrode active material. Thus, they
exhibit excellent cyclic and rate performance. Moreover, as previously stated, inorganic
intercalation-based materials are very sensitive to the ionic radius of cation, whereas, in
organic electrode materials, lithium cation can be easily substituted with various alkali
metal cations with a bigger ion radius, such as Na*, K*, etc., without any significant fade
of the capacity of batteries. In addition, both the larger interlayer spacings and greater
flexible structures of organic electrode materials (Figure 3) afford faster ion diffusion and
reduced structural and volumetric changes upon charge/discharge processes, enhancing
rate capabilities [25].

Crystalline Inorganic Organic Electrode
Materials Materials
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Figure 3. Schematic illustration of the unique properties of organic electrode materials which make
them particularly attractive for use as high-performance electrode materials in rechargeable LIBs [25].
Ref. [25] is an open-access article distributed under the terms of the Creative Commons CC BY license,
which permits unrestricted use, distribution, and reproduction in any medium provided the original
work is properly cited.

3. Organic Anode Materials Based on Organic Carbonyl Compounds

To date, different kinds of redox-active moieties, such as phenazine, carbonyl, triazine,
imide, and aromatic ring structures, have been acknowledged as the main functional groups
in redox-active organic anodes [41-48]. Additionally, conducting polymers, thioethers,
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organodisulfides, conjugated carbonyl compounds, radical polymers, and other organic
compounds have been reported as anode active materials [49-59].

Among all reported redox-active organic compounds, carbonyl compounds, such as
imides, quinones, carboxylates, ketones, anhydrides, and their derivatives have become a
class of attractive organic materials for use as potentially high-capacity anode or cathode
materials for LIBs during the past decades [58,60-65]. This is because of their highly active
redox carbonyl centers providing wide structural diversity, higher reversible capacity,
and fast kinetics. For instance, the simplest quinone (1,4-benzoquinone) can provide a
reversible capacity of nearly 500 mAh/g [66]. Carbonyl functional groups (C=0) can be
found in numerous organic compounds with different forms, while most of the investigated
carbonyl-based organic electrodes are primarily based on either the derivatives of aromatic
carboxylic acid or quinone [67-69].

According to the literature, conjugated carboxylates, aromatic imides, quinones, and
aromatic anhydrides are the four categories of conventional organic carbonyl electrode ma-
terials which have been successfully applied in LIBs [47]. Nearly all carbonyl compounds
are N-type electrode materials and are reduced during the charge/discharge process, form-
ing a negatively charged anion. Their redox mechanism can be presented as a nucleophilic
addition reaction of electrochemically active C=O functionalities, in which the enolization
reaction is the main step [39].

Although most quinone derivatives have been primarily utilized as cathode materials
for LIBs (because these quinone systems have voltages of 2 2.0 V versus Li/Li*, typical
for LIB cathodes), some conjugated carbonyl materials with low redox potentials could be
used as negative electrodes for LIBs, which stems from the significant charge repulsion
interaction between CO— moieties [70]. Carboxylates with electron-donating groups (such
as -OLi) also reveal a redox reaction at a very low potential and, thus, they can be also
utilized as anode materials [71].

Lithium trans-trans-muconate (Li,CgH4O,4) and lithium terephthalate (Li,CgH4Oy4)
were the first two examples of carbonyl anode materials for LIBs proposed by Tarascon’s
research group in 2009 [71]. Remarkably, both Li,CsH4O4 and LiyCgH4O4 as a negative-
electrode material exhibit very flat discharge plateaus at 1.4 and 0.8 V versus Li/Li",
respectively, which allows the use of a cheaper aluminum current collector for the anodes
of LIBs. A noteworthy advantage of the organic anode material based on these two
conjugated dicarboxylates is their higher thermal stability over typical carbon negative
electrodes in typical carbonate electrolytes (1 M LiPF¢ in ethylene carbonate (EC)/dimethyl
carbonate (DMC)), which should lead to safer Li-ion batteries [71].

Li;C¢H40O4 revealed a reversible capacity of 170 mAh/g with 73.5% (=125 mAh/g)
capacity retention after 80 cycles at 0.1C rate charge/discharge, while LiyCgH4O, delivered
a greater reversible capacity of 300 mAh/g with 78% (=234 mAh/g) capacity retention
after 50 cycles at a current density of 15 mA /g [71].

It should be emphasized that only the trans versions of conjugated carboxylates
LiO,C(CH=CH),CO;Li with n = 2, 3, and 4 (Figure 4) showed reversible electrochemical
reactivity towards lithium [72].

Ethoxycarbonyl-based lithium salt (LiC1gH1,0g) delivered a capacity of 125 mAh/g
in the initial cycle and about 110 mAh/g in the 50th cycle over two main voltage plateaus
at ~1.96 and 1.67 V [68].

Wang and co-workers [73] prepared alkaline earth metal terephthalates MCgH4O4
(M = Ca, Sr, Ba) via eco-friendly and facile displacement reactions and adopted these
organic compounds as anodes for LIBs. The scheme of the lithium storage mechanism of
carbonyl-based terephthalates on the level of molecular structure is presented in Figure 5.
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Figure 4. Chemical structures of the conjugated carboxylates with conjugation pathways of 2, 3, and
4 units. Reprinted from Ref. [72], Copyright 2010, with permission from Elsevier.
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Figure 5. Schematic depicting the lithium storage/release mechanism of carbonyl-based terephtha-
lates at the molecular structure level. Reprinted from Ref. [73], Copyright 2016, with permission
from Elsevier.

In the discharge process, the calcium terephthalate displays a flat plateau at nearly
0.8 V vs. Li/Li*. Overall, metal terephthalates produced by Wang and colleagues exhibited
a reversible capacity of nearly 130 mAh/g at 0.2 A/g. They also found that the main factors
determining the various electrochemical properties (operational voltage, rate performance,
cyclic lifetime, and specific capacity) of the obtained organic anodes are the electrostatic
interactions between the terephthalate anions and metal cations leading to the formation of
metal-organic frameworks (MOFs) with high crystalline structure [73].

Organic metal salts, such as lithium tannic acid (LiTA), have been also applied as
advanced energy storage anode materials for LIBs. The LiTA anode shows a reversible
capacity of 133.5 mAh/g at a current density of 100 mA /g and maintains 100.5 mAh/g
after 100 charge—discharge cycles. Besides, LiTA demonstrates excellent rate properties, sur-
prisingly long cycle performance, and high coulombic efficiency resulting from reversible
and stable redox reactions between C-O, and C=0O chemical bonds [74].

Xiao and co-workers [75] synthesized copper maleate hydrate (CMH) and utilized this
organic material as an organic anode material for rechargeable LIBs for the first time. This
small molecular organic compound demonstrated superior electrochemical performance.
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It exhibited an initial reversible capacity of 404.6 mAh/g at a current density of 0.2 A/g

and could maintain a reversible capacity of nearly 383.2 mAh/g after 250 cycles [75].

Table 1 summarizes the above-stated information about typical organic anode materi-

als for LIBs based on carbonyl compounds.

Table 1. Structural formulas of typical organic anode materials based on carbonyl compounds and

their key electrochemical parameters.

Current Density/Specific Capacity (C or

Structural Formula of Organic

Organic Anode Material mAg-1/mAhg-1) Active Anode Material Refs.
Lic
-1 . o . .
Lithium perylene-3,4,9,10- 24 mAg~ /195 (with 61.5% capacity retention
tetracarboxylate after 50 cycles) o
; 240 mAg~1/200 (with 60% capacity retention  Lic
(Li-PTCA)
after 50 cycles) )“
4]
Lithium P
2,6-b15(eth'oxycarbo'nyl)—3,7- 0.05C /125 c ’ [68]
dioxo-3,7-dihydro-s-indacene- o o)
1,5-bis(olate) /_ o OLi
Lithium trans-trans-muconate 0.1C/170 (with 73.5% capacity retention after Li0OOC g ’:;’%CDD _ (71]
80 cycles) Li
LIDOC S
Lithium terephthalate 0.1C/300 (with 78% capacity retention after | [71]
50 cycles) L
? COOLi
LiO : O
Alkaline earth metal 1 0O OLi
terephthalates 200 mAg™/130 73]
M
M =Ca, Sr, Ba
OM
C|)M
i o 100 mAg~—1/133.5 (with 75.3% capacity 0=C OM
Lithium tannic acid (LiTA) retention after 100 cycles) [74]
OM
M=Li
H
0. .0 .
Copper maleate hydrate 200 mAg~1/404.6 (with 94.7% capacity 0O 0 [75]
(CMH) retention after 250 cycles) 2. H
. o Cu
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Table 1. Cont.
. . Current Density/Specific Capacity (C or Structural Formula of Organic
Organic Anode Material mAg~—1/mAhg-1) Active Anode Material Refs.
O
I
N +
. . 1T _ . o -O° Li*
4-Nitrobenzoic acid lithium 0.5C (1C = 155 mAg 1) /153 (with 85.6% [76]
salt (NBALS) capacity retention after 100 cycles) O
O
O
Dilithium O Br Li*
2,5-dibromoterephthalate 0.1C/122, after 50 cycles . A [77]
(Lip-DBT) L'Br O
O
0O
Dilithium Ly SN
2,5-dimethoxyterephthalate 0.1C/95, after 50 cycles i [77]
(Lip-DMoT) ~0 O Li*
O
O
NH>
Dilithium -0 Li*
2,5-diaminoterephthalate 0.1C/98, after 50 cycles . [77]
(Lio-DAT) Li O
H>N
O

It should be noted that all carboxylate-based derivatives featuring straight chains
could only achieve one-Li uptake, thus resulting in low capacity (less than 170 mA/g).
In sharp contrast, LiyCgH;O4 consisting of a terephthalate system that does not have a
straight carbon chain could realize a full two-Li uptake, giving a stable specific capacity
of nearly 300 mAh/g [71]. Therefore, further efforts were primarily made in enhancing
the electrochemical performance of the terephthalate systems, including carbon coating,
nanosizing, constructing metal-organic frameworks, modification of the aromatic core,
etc. [78-81].

4. Organic Anode Materials Based on Covalent Organic Frameworks (COFs)

Covalent organic frameworks (COFs) materials are a subclass of crystalline micro-
porous organic polymers featuring atomically precise self-assembled two- (2D) or three-
dimensional (3D) extended structures with ordered nanopores, strong covalent bonds
between lightweight elements (C, N, O, B, etc.) of rigid building blocks, and periodic
skeletons [82,83]. Apart from cathode materials, COFs have been heralded as perspective
organic anode materials [35].

Compared with typical polymers and small organic molecules, COFs are more prefer-
able candidates for use as electrode materials in LIBs owing to their structural diversity,
porous structure, framework tunability, low electrode volume change, large specific surface
area, and functional versatility [20,35,84-86].

The capacitance capacity of COFs is caused by their porous structure, whereas their
specific capacity comes from the insertion of lithium ions in the active redox site. A large
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molecular weight of COFs coupled with the robustness of their framework inhibits the
dissolution of this material in electrolytes, thus enabling a stable cycle performance. At the
same time, the porous framework structure reduces the path of ion diffusion, leading to
enhanced kinetics of lithium ions [35].

Among the diversity of organic framework materials, COFs based on nitrogen-containing
active sites have gradually garnered the merited attention of researchers in recent years [87].

Yang and coworkers [88] reported the first example of an organic 2D COF material
for an anode of LIB. Their work paved the way for the utilization of COFs in the next-
generation high-capacity LIB. Researchers designed 2D COFs based on covalently linked
porphyrin with 4-thiophenephenyl groups (TThPP) and used the TThPP films grown on
the copper foil without adding any binders as the anode of LIBs. Due to the alignment
of 2D polyporphyrin nanosheets, this material demonstrated high electronic conductivity,
long cycle lives, insolubility, high specific capacities (up to 666 mAh/g), and outstanding
rate performances. The high capacity and excellent rate performance of TThPP have been
explained by the presence of many sites for efficient adsorption of lithium atoms and the
existence of both open nanopores holding electrolyte and short-ended paths for the rapid
lithium-ion diffusion in the TThPP structure [88].

Bai and coworkers [89] presented two fully conjugated porous COFs as the organic
anode of LIB, which demonstrated stable long life (500 cycles) and excellent specific ca-
pacity of ca. 700 mAh/g. Such superior charge—discharge performance corroborated the
high potential of COFs to be utilized for eco-friendly energy storage. More importantly,
utilizing conjugated COFs not only avoids complicated synthesis of typically conjugated
polymers and doped or multilayered hybrids but also embodies their outstanding proper-
ties, such as flexibility, high electrochemical activity, structural diversity, etc., into energy
conversion applications.

Zhang’s research group [90] opened a window for the promising applications of high-
performance covalent organic framework (COF) structured polymers in flexible electronics
and optoelectronic devices in the future anode market. They produced a two-dimensional
(2D) nitrogen-rich graphene-like holey conjugated polymer (NG-HCP) through nanoengi-
neering (Figure 6) and evaluated the as-prepared NG-HCP nanosheets as the anode material
of Li-ion batteries. The findings demonstrated that the obtained NG-HCP nanosheets dis-
played an extremely high initial charge capacity of nearly 1320 mAh/g at a current density
of 20 mA /g in the voltage range of 3-0 V vs. Li*/Li, without noticeable capacity loss
during the first 20 cycles, and ultralong-term cycling life of 600 cycles [90]. Remarkably,
after 230 cycles, the specific capacity of the NG-HCP after nano-engineering remained at a
high value of nearly 1015 mAh/g under a current density of 100 mA /g. For comparison,
the as-fabricated NG-HCP for the LIB anode without nano-engineering exhibits a specific
capacity of less than 300 mAh/g. On the one hand, this outstanding rate performance of
NG-HCP after nanoengineering is achieved due to both the large specific surface area and
increased reaction contact area, which promote the charge-transfer reaction. On the other
hand, the doping of hetero-atoms (such as nitrogen atoms) into the chain of the conjugated
COF structure provides the increased electrochemical reactivity of the NG-HCP material,
resulting in the superior performance of the electrode material. To sum up, the good
dispersity of NG-HCP nanosheets with high electrical conductivity and the synergistic
effects of N-doping and high porosity make NG-HCP nanosheets suitable as excellent
anodes for LIBs.

Lei and coworkers [91] synthesized a composite electrode material (COF@CNT5s)
through the controllable growth of few-layered imine-based 2D COFs on the exterior
surface of carbon nanotubes (CNT) for application as the anode of LIBs. Imine-based C=N
functional group coupled to COF is shown in Figure 7a, while the graphical illustration of
obtaining COF@CNTs composite featuring few COF layers covered on the exterior surface
of CNTs is illuminated in Figure 7b.
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Figure 6. (a) Synthetic route of obtaining HG-HCP by a dehydration—condensation reaction between
hexaketocyclohexane (HKH) octahydrate and 1,2,4,5-tetraaminobenzene (TAB) tetrahydrochloride in
NMP solution with sulphuric acid as a catalyst and a schematic illustration of the alternative pristine
NG-HCP structure, where many excessive amino and carbonyl functional groups exist at the edge;
(b) molecular configuration of a single layer of the NG-HCP with a pore size of 11.65 Aanda packing
distance of 3.34 A. Reprinted from Ref. [90], Copyright 2017, with permission from Elsevier.

b coracnts . CNTs

Side view
* N (COF) C(COF)  ® C(CNTs)

Figure 7. Preparation of the COF and COF@CNTs composite. (a) Preparation of COF with a 2D
structure and an average pore size of 1.8 nm; (b) graphical representation of the COF@CNTs anode
material with few COF layers covered on the exterior surface of carbon nanotubes [91]. Ref. [91] is
an open-access article distributed under the terms of the Creative Commons CC BY license, which
permits unrestricted use, distribution, and reproduction in any medium provided the original work
is properly cited.

Remarkably, upon activation, COF in the composite (COF@CNTs) proposed by
Lei et al. [91] as an organic anode material for LIBs delivers an extremely large reversible
capacity of 1536 mAh/g (corresponding to the 14-lithium-storage mechanism for a COF
monomer), which even exceeds the theoretical capacity (700-1000 mAh/g) of conventional
Sn-based anodes and such inorganic anode materials as transition metal oxides (Co30y,
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Fe;O03, CuO, NiO, etc.). More importantly, after 500 cycles, the reversible capacity of
COF@CNTs material is sustained at a high value of 1536 mAh/g under a current rate of
100mA/g.

The underlying reason for the ultrahigh capacity of COF@CNTs composite negative
electrode might be explained by the efficient utilization of active centers of the COF@CNTs
anode for lithium-ion storage, which includes one lithium ion per C=N functional group
and six lithium ions per benzene rings. Unlike the conventional C=0O or C=N chemical
bonds which have limited lithium-ion storage capability, the six lithium ions per benzene
ring provide a much higher specific capacity during the lower voltage window [91]. This
14-lithium storage mechanism based on the five-step lithium-ion insertion/extraction
process for a COF monomer in the COF@CNTs anode is presented in Figure 8.

® Li* for Step N (N=1,2,3,4,5)

@“;@M? @a@$

GJ'

4Li* < ETG

'E'ﬁ:l

| @ @0
Figure 8. Schematical representation demonstrating the stepwise lithium-storage mechanism for a
COF monomer in the COF@CNTs composite anode material [91]. Ref. [91] is an open-access article

distributed under the terms of the Creative Commons CC BY license, which permits unrestricted use,
distribution, and reproduction in any medium provided the original work is properly cited.

Lei and coworkers [92] produced two types of triazine-based covalent organic
nanosheets (CONs) with various pore sizes: Schiff base networks-1 (SNW-1) with a pore
size of 0.5 nm and covalent imine network-1 (CIN-1) with a pore size of 2 nm. In order to
obtain increased Li-ion storage capacity, the as-exfoliated CONs were further composited
with carbon nanotubes (CNTs) (denoted as SNW-1/CNT and CIN-1/CNT composites) to
expose more active sites for lithium storage and enhance the ions/electrons diffusion. It
is worth noting that the obtained SNW-1/CNT and CIN-1/CNT composites are porous
polymers connected by covalent chemical bonds, which can be also considered amorphous
COF materials having disordered pore structures. After modification of these composites by
mechanical stripping, exfoliated E-SNW-1/CNT and E-CIN-1/CNT exhibit outperforming
lithium storage charge—discharge performances thanks to the facilitated surface-control ki-
netic coupled with the thin-layered 2D structures of these exfoliated CON materials. When
employed as an organic anode material for LIBs, E-SNW-1 and E-CIN-1 materials demon-
strate extremely high reversible capacities after conducting 250 cycles: 920 mAh/g and



Materials 2023, 16, 177

13 of 25

1005 mAh/g, respectively (at a current density of 100 mA /g). Moreover, the mechanism
of Li-storage has been found to have an intriguing 11 (for E-CIN-1/CNT electrode) and
16 (for E-SNW-1/CNT electrode) electrons involved in the electrochemical redox reactions,
associated with not only typical organic functional groups (-NH- or C=N groups) but also
unusual functional groups, such as triazine, piperazine, and benzene rings.

In 2021, Wu and coworkers [93] reported a high-rate anode material for LIBs based on
redox-active piperazine-terephthalaldehyde COF (denoted as PA-TA) featuring ultra-large
interlayer distance. Their research indicates that increasing the interlayer distance of COFs
by a reasonable molecular design strategy would be of particular importance to producing
high-performance anode materials for LIBs. The proposed PA-TA COF anode material by
Wu and coworkers [93] exhibited remarkable cycling and rate performance delivering a
high lithium storage capacity of 543 mAh/g even after 400 charging-discharging cycles
at a current density of 1 A/g. Most importantly, the PA-TA COF anode could display a
reversible capacity of 207 mAh/g even at a high current rate of 5 A/g.

It is worth noting that there are only several COF-related compounds that have been
proposed as potential electrode materials for Li-ion batteries due to their redox-active cen-
ters with lithium ions, such as C=0 and C=N functional groups, and micro/mesoporous
structure [88,89,94-96]. The COF materials bearing carbonyl moieties are commonly in-
vestigated as cathodic materials for LIBs based on the lithium redox reaction with C=0
species [94-96]. The existence of aromatic heterocyclic functional groups and/or imine
moieties promotes the application of COF materials as the anode materials for LIBs [88,89].

The key electrochemical properties of COF-based organic anode materials for LIBs
listed above are compared and summarized in Table 2.

Table 2. Summary of the main electrochemical performance of various COF-based anode materials.

Discharge Capacity or Capacity Discharge Capacities (mAh/g) with

Organic Anode Material Retelilati(en(l;rzgE\%;:f:);"/(o:))/’cclzzrent High Current Rate/Current Rate (mA/g) Refs.

2D COF F;;i%gofliﬁorphyﬂ“ 381 mAhg~! or 61.1%/1000/200 195/4000 18]

N2-COF 600 mAhg{1 or 82%/1000/500 Unspecified [89]

N3-COF 593 mAhg_1 or 81%/1000/500 Unspecified [89]
Free-standing nitrogen-rich

graphene-like holey conjugated 1015 mAhg~—!/100/230 237/2500 [90]

polymers (NG-HCP nanosheets)

B‘ﬁi;‘;ﬁjﬁf{ggg‘“ 125 mAhg~1/100/300 Unspecified [91]
Two-dimensional covalent

(?;f;é‘;f ;;iﬁi‘ggﬁégggecﬁ}i 1536 mAhg~1/100/500 217/5C (1C = 1Ag ™)) [91]

composite)

E-CIN-1/CNT 1005 mAhg~! or 79.2%/100/250 97/5000 [92]

E-SNW-1/CNT 920 mAhg~! or 62.6%/100/250 212/5000 [92]

PA-TA 543 rnAhg_1 or %/1000/400 207 /5000 [93]

5. Metal-Organic Framework-Based Anode Materials for LIBs and Their Practical
Applications in Lithium-Ion Full Cells with Different Cathode Materials

Among the novel electrode materials, metal-organic framework (MOF) nanostructures
have aroused intensive research interest as anodes for LIBs due to their extremely high
surface area, controllable structures, large porosity, and presence of metal ions with redox
activities which might be profitable to large lithium-ion accommodation space as well as
an effective pathway for lithium ion and electron transport. Typically, MOFs consist of two
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major components: organic linkers (ligands) containing functional groups to build an open
framework, and the metal ions (metal clusters) as redox-active centers which coordinate
with organic ligands forming one- (1D), two- (2D), or three (3D)-dimensional structures. In
particular, transition metals with high redox activity are used as metal ions of MOFs.

To date, numerous MOF-based compounds have been reported for various compo-
nents of LIBs including cathodes, separators, electrolytes, and anodes. Many efforts have
been made to construct MOF-based anode materials for LIBs in order to achieve higher
capacity when working in LIB full cells with commercial cathode materials. Thus, in
this section, different lithium battery systems composed of MOF-based anode materials
are discussed.

In 2006, Chen and coworkers [97] first proposed a Zn-based MOF, ZnsO(1,3,5-
benzenetribenzoate),, named MOF-177, as an anode material for LIBs. They confirmed
that different morphologies of this MOF can be regulated by a solvothermal route. How-
ever, the electrochemical performance of as-synthesized MOF-177 is found not satisfactory
for practical application in reversible LIBs since the cycling capacity of MOF-177 was
limited [97]. Besides that, in terms of anodes in LIBs, other valence metals have been
used to design a variety of MOFs, such as Co-based MOF-71@300N [98], Cu-based MOF-
199 [99], carbon-coated ZnO quantum dots-based MOF—MOF-5 [100], organic-coated ZIF-8
nanocomposites [101], Fe-based MIL-88 [102], Co-based zeolitic imidazolate frameworks—
ZIF-67 [103], etc. However, all of these listed MOF-based anode materials still suffer from
either poor stability or limited capacity in the first several charge-discharge cycles.

Song and coworkers [104] fabricated for the first time one-dimension (1D) cobalt-based
MOF nanowires (named CoCOP) with a facile hydrothermal reaction and explored the as-
prepared CoCOP nanowires as the anode material for coin-type full LIBs with commercial
LFP cathode powders. They found that typical coin-type full Li-ion batteries with the
CoCOP nanowires anode material and commercial LFP cathode material demonstrated a
high capacity of 138 mAh/g at a current rate of 0.1C. Moreover, these LFP | | CoCOP full
Li-ion batteries exhibited rapid charge-discharge capability and outstanding cyclability
with a good capacity retention of 83% after conducting 300 cycles at a 1C charge—discharge
rate, between 0.4 and 3.8 V [104].

In follow-up work, Song and coworkers [105] investigated a series of metal inorganic-
organic hybrid composites (M-IOHCs, where M is Mn, Co, or Ni) as anode materials for
Li-ion storage. Among all tested M-IOHC anode materials, Ni-IOHCs exhibited higher
lithium storage capacity and showed an excellent power density of 297 W /kg at an energy
density of 32 Wh/kg when assembled with a commercial LiFePOy cathode powder in a
full coin-type cell system.

To achieve lower toxicity and lower cost, some researchers adopted Fe-based MOFs
as anode materials for LIB full cells. For instance, Shen and coworkers [106] applied
[FesO(BDC)3(H,0)2(NO3)]n (named as Fe-MIL-88B) as a Fe-based MOF anode material
for CR2032 full cells with commercial LFP powders as a cathode material. The full cells
demonstrated an initial discharge capacity of 108 mAh/g at a current rate of 0.2C in a
voltage cutoff of 0.4-3.8 V, and a large capacity of 89.8 mAh/g was retained after 100 repeti-
tive cycles at a 0.25C charge-discharge rate. Overall, the findings obtained by Shen and
coworkers [106] revealed that this Fe-MOF material is a prospective candidate for stable
Li-ion insertion/de-insertion electrochemical processes.

Similarly, Sharma and coworkers [107] used another Fe-MOF configured with two lig-
ands consisting of naphthalene dicarboxylic acid (HNDC) and terephthalic acid (H,BDC)
as an anode material for a full (coin) cell device assembled with LCO cathode material
coated on aluminum foil. Impressively, this LCO| | Fe-MOF LIB full cell displayed a
significant energy density of 360 Wh/kg (which is equivalent to a reversible capacity of
120 mAh/g) at a current density of 500 mA /g, with high cycling stability up to 1000 cycles.

It should be noted that the above-mentioned MOF anode material achieved interaction
with lithium-ion through the valence change of its constituent transition metal. However,
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some conductive MOFs can interact with lithium-ion without the participation of their
constituent transition metals in the lithiation/de-lithiation cycling processes.

For instance, Guo and coworkers [108] explored for the first time a bottom-up solvother-
mal technique to produce a one-dimensional (1D) Cu-based conductive MOF with 2,3,6,7,
10,11-hexahydroxytriphenylene as the organic ligand (denoted as Cu-CAT) and found it
as a competitive high-rate anode material for robust LIBs. A Cu-CAT nanowires-based
full cell constructed with NCMS811 cathode powder demonstrated outstanding cycling
behavior, as well as a high energy density of ca. 275 Wh/kg. Remarkably, many nanowires
of the Cu-CAT material of several micrometers in length are randomly connected together
to build a three-dimension (3D) cross-linked porous network, which promotes the diffusion
of electrolyte ions and convenient penetration of Li-ions.

In 2020, Weng and coworkers [109] reported for the first time such a Zn-based con-
ductive MOE, [Zn;(py-TTF-py)2(BDC);]-,DMF-H,O, with terephthalic acid (H,BDC) and
2,6-bis(4'-pyridyl)tetrathiafulvalene (py-TTF-py) as organic ligands and tested this material
as an anode material for LIBs. The full cell of this Zn-based MOF with NCM622 cathode
powder displayed a large reversible capacity of 131.9 mAh/g at a current rate of 100 mA/g
with high Coulombic efficiency of 99.45% after 70 repetitive discharging/charging cycles.
Moreover, this NCM622 | | [Zny(py-TTF-py)2(BDC),]-2DMEF-H,0 LIBs full cell demon-
strated tolerance to high-current operation. Remarkably, the valence of Zn is not changed
during the discharge/charge process, i.e., Zn?* ions are not involved in the reversible
electrochemical reaction occurring in LIBs, while Li-ions bond with sulfur atoms of the
tetrathiafulvalene (denoted as TTF) moiety which provide the inserting sites of Li-ions
during the discharging process.

It is worth noting that MOF-based composites prepared by an in situ growth strategy
can also be used as organic anodes for LIBs. For instance, Wei and coworkers [110] used
reduced graphene oxide (rGO) as a hard template for in situ growth of a fluorine-doped
Co-based MOF with molecular formula Co,[Fx(OH){_]2(CgO4H,), named as F-Co-MOF,
using a facile solvothermal reaction. Owing to the synergistic effect of high conductive rGO
networks and the F-Co-MOF structure, an outstanding reversible capacity of 162.5 mAh/g
at a current rate of 200 mA /g after 300 repetitive cycles was achieved when this F-Co-
MOF/rGO composite was adopted as an anode active material for a Li-ion full cell device
assembled with LFP cathode material.

Based on the ultrahigh theoretical specific capacity of silicon (5i) and the large porosity
of MOFs, some studies have focused on combining MOFs with Si through an in situ self-
assembly technique to obtain higher cycling stability, relieve vigorous volume expansion
of a silicon anode during the Li* insertion/extraction process, and achieve higher lithium
storage capacity.

For instance, Zhou and coworkers [111] encapsulated Si nanoparticles with well-
designed rod-like cross-linking Sn-based MOFs containing o-phthalic acid as organic linkers
through an in situ self-assembly strategy. Thanks to the distinctive hybrid structure with re-
markable synergistic effects based on Sn-based MOFs and Si nanoparticles, the Si@Sn-MOF
composite delivered a discharge capacity of ca. 117.7 mAh/g after discharging/charging
150 cycles when tested as anode material for a Li-ion full (coin) cell device assembled with
NCM622 cathode material at a fixed potential window from 2.8 to 4.3 V [111].

Likewise, Nazir and coworkers [112] reported a facile method for preparing a Si anode
material coated with a conductive two-dimension (2D) Cu-based MOF named Cuz(HITP),,
in which HITP = 2,3,6,7,10,11-hexaiminotriphenylene, through an in situ growth. They
evaluated this anode material in a Li-ion full cell with LCO cathode powder. Thanks to
the improved ionic and electronic conductivity, as well as prospective volume expansion
buffer, the full cell composed of LCO cathode powder and this Cu-MOF-coated Si anode
material supplied high reversible capacities at various current densities: 1267 mAh/g at a
0.5C rate and 1105 mAh/g at a 1C charge—discharge rate.

It is worth noting that, unlike pristine MOFs, MOF derivatives possess better practical
application potential in LIBs owing to their higher cycling stability and conductivity. Some
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studies have shown that the metals or other constituent heteroatoms of MOFs can be
evenly distributed in the porous organic (carbon) matrix through the pyrolysis of the
organic framework.

For instance, Yu and coworkers [113] synthesized MOF derivatives such as NiSbC CHSs,
in which NiSb—embedded carbon hollow spheres. Firstly, they obtained the black NiCc CHSs
precursor via the thermal treatment of a Ni-based MOF under an H,/Ar atmosphere.
Then, the as-prepared NiC CHSs precursor was dispersed in the ethanol solution of SbCl;
salt by virtue of ultrasonication. Finally, the black NiSbCCHSs product was collected by
centrifugation, washed, and dried under a vacuum. The NiSbCCHSs were used for the first
time as organic anode materials for LIBs, demonstrating remarkable rate capability, perfect
cycling performance, and high specific capacity. When tested at a high voltage operation of
nearly 3.5 V, the NiSbCCHSs | | LMO full cell device displayed a high coulombic efficiency
of ca. 99% and remarkable rate capability (210 mAh/g at a current density of 2 A/g) [113].

In 2021, Wang and coworkers [114] fabricated a Ni-Co-Sb/C nanosphere anode ma-
terial for LIBs through a two-step “template sacrifice method” of calcination treatment of
the Ni-Co-MOF nanosphere precursors. Due to the alloying mechanism, the Ni-Co-Sb/C
nanospheres derived from Ni-Co-MOF delivered a high reversible capacity of 354 mAh/g
at a current density of 100 mA /g even after 100 repetitive cycles when assembled with
LCO cathode powder.

It should be noted that the sacrificial template method can also be utilized to fabricate
Si-based anode material in which the in situ growth carbon possessing a porous structure
generates a higher specific surface area. For instance, mesoporous silicon hollow nanocubes
(denoted as m-Si HCs) were successfully produced by using such classic examples of MOFs
as ZIF-8 as the sacrificial template [115]. The findings demonstrated that a full Li-ion
cell consisting of LCO cathode material and m-Si HC-graphite anode material displayed
outstanding cycle retention of 72% after 100 repetitive cycles at a 0.2C current rate. This
excellent electrochemical performance corroborates that the applied template method is a
facile and effective route to fabricate high-performance anode materials for LIBs [115].

Other than utilizing the sacrificial template method for producing Si-based organic
anode material, using MOFs as a sacrificial template allows metal oxides with various
properties and structures to be obtained by changing the calcination temperature and
gas atmosphere.

For instance, Sun and coworkers [116] fabricated Co30y4 via both a two-step and
one-step calcination of Co-based MOF precursor, respectively. Thanks to the 3D porous
starfish-like structure, the Co304@N-C nanocomposite fabricated via a two-step technique
delivered stable discharge capacity and could effectively buffer volume expansion during
the charging/discharging process. Moreover, the Co3O4@N-C | | LiFePO; full Li-ion battery
showed stable capacity retention of 95.3% after 100 repetitive cycles [116].

It is worth noting that the calcination of Co-based MOFs that have heteroatoms or
other additives allows cobalt oxide composites to be obtained that give full play to each
component for achieving superior performance. For example, a Zn-doped hollow core—
shell nano-sized Co304, named as Zn-Co-Oxide, derived from ZIF-67 via the template
method exhibited a remarkable and stable specific capacity of 1600 mAh/g at a current
density of 1 A/g for 700 repetitive cycles in the Li-ion full coin cell assembled with NCM532
cathode powder [117]. Fei and coworkers [118] produced a one-dimensional (1D) bunched
Ni-MoO,@Co-CoO-NC composite. Their synthetic strategy involved the room temperature
growth of a ZIF-67 polyhedron onto NiMoO,-xH,O nanowires followed by a carbona-
tion treatment stage under Ar/H; atmosphere. Thanks to the synergistic effects of the
variable metal and the well-designed morphology of Ni-MoO,@Co-CoO-NC composite, a
Ni-MoO,@Co-CoO-NC | | LiFePOy full Li-ion battery exhibited a high energy density of
329 Wh/kg and excellent cycling performance.

The electrochemical properties of rechargeable Li-ion full cells constructed with MOF-
based anode materials and commercial cathode powders are summarized and compared in
Table 3.
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Table 3. Summary of the main electrochemical performance of Li-ion full cells assembled with
MOF-based anode materials.

Current Density (C or
mAg~1)/Specific Capacity

Organic Anode Material MOF Template Cathode Material (mAhg—1)/after Refs.
Cycles/Capacity Retention (%)
CoCOP CoCOP LFP 1C/69/300/83 [104]
Ni-IOHCs Ni-IOHCs LFP 0.1C/140/20/— [105]
Fe-MIL-88B Fe-MIL-88B LFP 0.25C/86.8/100/73.7 [106]
Fe-MOF Fe-MOF LCO 500 mAg~!/120/1000/ — [107]
Cu-CAT Cu-CAT NCMS811 200 mAg~1/371/200/ — [108]
[Zn(py-TTE- (TTFs)-based Zn-MOF NCM622 100 mAg~1/131.9/70/— [109]
py)2(BDC),]-2DMF-H,0O
F-Co-MOF/rGO F-Co-MOF LFP 200 mAg~'/165.2/300/ — [110]
Si@Sn-MOF Sn-based MOF NCMe622 20mAg~1/117.7/150/87.8 [111]
Si@Cuz(HITP), Cus(HITP), LCO 0.1C/1038/50/46 [112]
NiSbCCHSs Ni-based MOF LMO 200 mAg~!/228.2/100/ — [113]
Ni-Co-Sb/C Ni-Co-MOF LCO 100 mAg~'/354/100/53.2 [114]
m-Si HC-graphite ZIF-8 LCO 0.2C/—/100/72 [115]
Co304@N-C Co—MOF LFP 100 mAg~1/266/100/95.3 [116]
Zn/Ni-Co-Oxide Zn/Ni-ZIF-67 NCM532 1000 mAg~1/1060/80/70 [117]
ZIF-67 polyhedron
Ni-MoO,@Co-CoO-NC integrated with LFP 100 mAg_1 /130/60/92 [118]

NiMoO,-xH;O nanowires

As outlined in this section, the discharge/charge processes occurring in MOF-based
anode materials are governed by conversion or intercalation charge-storage mechanisms.
In the future, during the design of MOF-based anode materials, special attention should be
paid to the following aspects:

1.  Abundant redox active sites afforded by organic moieties or metal ion centers for the
reversible electrochemical redox reaction;

2. Construction of conductive frameworks by importing heteroatoms and carbonization;

3. Adjustable porous frameworks for easier Li ions and electron transmission;

4.  Utilization of the synergistic effect between various active sites of MOFs for next-
generation LIBs with higher specific capacity.

6. Organic Compounds with Nitrogen-Containing Groups as Anode Active Material
for LIBs

In recent years, to continue to investigate more organic materials that can be employed
for rechargeable electrodes, the element N, which possesses an electronegativity close to
that of oxygen, has attracted enormous attention.

Organic compounds with nitrogen-containing groups (OCNs) are regarded as some
of the most promising organic electrodes because of their outstanding electrochemical
properties, versatility, structural diversity, and adjustability [87].

To date, almost all organic anode compounds contain either an alicyclic ring group
or a harmful aromatic ring, which leads to high toxicity. Such organic anode materials are
undoubtedly not suitable for developing environmentally friendly and toxin-free LIBs. Zhu
and coworkers [54] proposed the first linear chain-type organic compounds without ben-
zene  groups, 2,2'-azobis(2-methylpropionitrile)  (AIBN) and  2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AIBA), as novel commercially available organic
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anode materials for LIBs based on the azo group. Another benefit of these low-toxic
AIBN and AIBA anode materials is that they are renewable, sustainable, and inexpensive.
Interestingly, AIBN-anode material contains one azo group which acts as a reversible elec-
trochemical active site for the reversible insertion and extraction of lithium ions, whereas
AIBA-anode has two active sites of azo (N=N) and imine (C=N) groups, confirmed with in
situ Raman and ex situ Fourier transform infrared spectroscopy. The specific capacity of
the AIBN anode in LIB was approximately 100 mAh/g at a current density of 10 mA/g
from the 2nd to the 100th cycle [54].

Ye and coworkers [119] synthesized a highly conjugated polymeric Schiff base (PSB)
through a facile solid-phase reaction. The obtained PSB anode exhibits a high specific
capacity of 175 mAh/g at a current density of 10 mA /g and outstanding cyclic performance.
Most importantly, due to the suppressed dissolution of the as-prepared PSB into the
organic electrolyte, great stable cycling with a capacity retention of 90% was achieved
after 100 repetitive cycles. Such success opened up new avenues for developing more
Schiff base polymers and producing more promising and higher-capacity organic anode
materials for LIBs.

Man et al. [120] synthesized a highly conjugated organic framework, poly(imine-
anthraquinone) (PIAQ), through an environmentally friendly and green in situ solvother-
mal condensation reaction of 2,6-diaminoanthraquinone (2,6-DAQ) and p-phthalaldehyde
(PPD) and adopted this material as the anode material of LIBs. Based on DFT calculations
coupled with experimental investigations, Man and coworkers [120] proposed a 16 Li-
storage mechanism of PIAQ. Intriguingly, the PIAQ-based organic anode material displays
excellent reversible specific capacity (1231 mAh/g at a current density of 200 mA/g), out-
standing long-term cycle stability (its specific capacity was 486 mAh/g after 1000 cycles at
the high current density of 1 A/g), and perfect rate performance. Both the excellent charge—
discharge performance and perfect structural stability of PIAQ material make it one of the
most prospective organic anode materials for next-generation high-performance LIBs.

A summary of the electrochemical properties of OCNs which were reported as anodes
for LIBs is presented in Table 4.

Table 4. Summary of the electrochemical properties of organic anode materials with nitrogen-
containing groups employed as an anode for LIBs.

Discharge Capacity or

Initial Discharge
Voltages of (Lithiation) and Charge Capacity Retention (mAhg’l Discharge Capacities

Organic Anode Molecular Weight Anode Electrode Composition with [Dischargel/[Charge] (Delithiation) or %)/Current Rate (mAh/g) with High Refs
Material of Monomer the Mass Ratio (%) Platform or Average Capacities (mAh/g)//at (mAg’l)/Aﬂer Current Rate/Current "
Voltages (V) a Current Density Cycles/Voltage Range vs. Rate (mA/g)
(mA/g) Li*/Li
2, 2'-Azobis(2- AIBN:super P carbon
methylpropionitrile) 164 black:polyvinylidene fluoride = [1.7,1.2]/[-] 100/-//5 Unspecified 30/50 [54]
(AIBN) 80:10:10
2,2/—Azobis(2— AlIBA:super P carbon
methylpropionamidine) 198 black:polyvinylidene fluoride = [1.7,1.6,0.6]/[-] ~1000/~160//5 110 mAhg—l /10/200/0.01-3 V ~50/50 [54]
dihydrochloride (AIBA) 80:10:10
Free-standing
nitrogen-rich NG-HCP nanosheets:carbon 1
graphene-like holey 1405 nanotubes:poly(vinylidene fluoride) [1.41/[-1 2497/1319//20 1015 mAhg \f 100/230/0~3 237/2500 [90]
conjugated polymers =70:20:10
(NG-HCP nanosheets)
Bulk covalent organic COF:acetylene black:polyvinylidene 1 125
g : . - 9 . »
framework (COF) 205 difluoride = 80:10:10 Unspecified 702/163//100 mAhg /1[)(]\?30[)/[).0[)5 3.0 Unspecified [91]
Two-dimensional
covalent organic COF@CNTSs composite:acetylene 5
framework trapped by 205 black:polyvinylidene difluoride = [1.5]/[0.75, 1.6] 928/383//100 mAhg~1/100/500/0.005-3.0 217/5C (1C = 1Ag’1 ) [91]
carbon nanotubes 80:10:10 v
(COF@CNTs composite)
Polymeric Schiff base PSB:super P:polytetrafluoroethylene [0.15,1.1,2.3]/[0.3, 1.0, 50.8%,/10/More than 9
(PSB) 3 - 85105 32] 315/97//10 100/0.01-35 V 40.3/80 (1]
Poly(imine- PIAQ:Ketjen o
anthraquinone) 366 black:Carboxymethylcellulose = [1.0,0.11/[~1.3, ~0.3] 1231/1130//20 89'11 SéigoogbgO;e\;h““ 259/2000 [120]

(PIAQ)

70:20:10
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7. Conclusions, Challenges, and Outlooks on Further Developments of Organic Anode
Materials for LIBs

7.1. Challenges and Strategies for Enhancing the Electrochemical Performance of Organic Anode
Materials for LIBs

Although organic electrode materials possess so many advantages [36,121], there
are also several challenges impeding their commercialization, such as their intrinsic low
electronic conductivity at room temperature that hinders the reaction kinetics of organic
rechargeable batteries, uncontrollable side reactions, and high solubility in organic elec-
trolytes, which leads to fast capacity fading [87,122,123]. Ingenious strategies, such as
molecular engineering, nanosizing [78,124], modification, and combination with other
materials, have been applied to alleviate the stated intrinsic drawbacks of organic electrode
materials [60,80,125-129]. Moreover, a deeper insight into the reaction mechanisms of this
type of material is also essential.

Some of the typical strategies to overcome the poor electronic conductivity problem of
organic electrode materials are introducing conductive carbon additives (10-60%) [127], sub-
stituent group design, and adjusting the length of the carbon chain in an organic molecule.

As for the problem of dissolving organic compounds in common organic electrolytes,
it can be overcome by using a solid polymer electrolyte. Besides, electrolyte optimization,
regulating the structure of organic electrode materials by molecular engineering, and
polymerization emerge as the main effective methods for inhibiting the dissolution of
organic small molecules and enhancing the electrochemical performance of organic anode
materials [130].

The nanosizing of organic materials in different shapes has been one of the most popu-
lar techniques for improving the electrochemical performance of organic electrode materials.
For instance, Wang and co-workers produced LisCgHyOg in nanosheets and reported that
its electrochemical properties excel those in bulk particles or in nanoparticles [124]. A
nanosheet LiyCgH,Og electrode displayed superior electrochemical performance with a
first discharge capacity of 358 mAh/g as an anode material. It should be noted that the
nanosheet LiyCgHyOg electrode noticeably outperforms its bulk counterpart, exhibiting
a discharge capacity of 175 mAh/g as an anode active material even at a high rate of
5C, which is approximately two times higher than those of the LiyCgHyOg¢ bulk. This
outstanding electrochemical behavior of the LiyCgH;Og nanosheet was attributed both to
the 2D particle morphology causing a rapid lithium diffusion rate and to the larger surface
area making lithium ions more accessible to each organic molecule serving as the active
material of negative electrode of rechargeable LIBs. Overall, the findings demonstrated
that LisCgHyOg nanosheets having multifunctional groups and high-specific surface area
are perspectives in the applications of all organic LIBs [124].

Using lithium salts of organic molecules is also one of the effective strategies for
inhibiting the undesired dissolution of organic electrode materials in aprotic electrolytes
widely employed in LIBs and enhancing the cycling stability of organic anode materials for
LIBs [68,71,131,132].

7.2. Outlooks on Further Developments of Organic Anode Materials for LIBs

Considering the aforementioned challenges, the emphasis of upcoming research on
the development of high-performance organic anode materials for LIBs should be placed
on the following aspects:

e Itis well-known that the theoretical capacity of an active cathode or anode material
is ultimately dependent on the number of electrons transferred in each redox-active
moiety and inversely proportional to the molecular weight of the organic molecule.
Since organic anode materials exhibit redox activity based on redox-active centers,
there is a large proportion of inactive mass which inevitably decreases the reversible
capacity of the negative electrode. Therefore, enhancing the density of active centers
in any redox-active organic molecule is required to boost the capacity of the negative
electrode. Although the molecular design can enhance the theoretical capacity of
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the organic anode material, several bulk properties of the anode material, such as
crystallinity or particle size, influence the practical capacities.

e  The search for unexplored redox-active functional groups in organic molecules contin-
ues to stimulate fundamental investigations. The early success of advanced porous
materials, such as MOFs and COFs, towards rapid and stable cycling of Li-ions, is
likely to accelerate the development of new organic anode materials for LIBs. Particu-
larly, the optimal stability of MOFs or COFs in organic solvents may enable a robust
pathway to utilize the features of organic redox into stable electrode materials.

e  Apart from great efforts which have been made in molecular engineering to enhance
the electrochemical parameters of organic anode materials, techniques to fabricate scal-
able organic anode materials are another aspect of further investigations. Expanding
the scope of Li-ion battery technology will require reliable solutions for future energy
needs. The investigations on such organic redox-active molecules are in their infancy
and will require a comprehensive assessment of various classes of organic materials
and compounds to fully realize their potential.

Thus, there is plenty of room to develop organic anode materials for LIBs with en-
hanced performance, such as long cycle life, high-output voltage, and high specific capacity.

Hopefully, this work provides a brief, useful introduction that outlines the representa-
tive organic anode materials in LIBs and gives new insight for the further application of
organic anode materials for LIBs.

Author Contributions: Conceptualization, PN. and K.P; formal analysis, K.P.,, AK. and A.A.P.
(Alexander A. Pavlovskii).; investigation, resources; A.A.P. (Alexander A. Pavlovskii). and PN.;
data curation, K.P. and A K.; writing—original draft preparation, A.A.P. (Alexander A. Pavlovskii),
writing—review and editing, K.P., A.K. and P.N.; visualization, A.A.P. (Alexander A. Pavlovskii).;
supervision, K.P., PN. and A.A.P. (Anatoliy A. Popovich).; project administration, PN.; funding
acquisition, PN. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the Ministry of Science and Higher Education of the Russian
Federation by “Agreement on the grant in the form of subsidies from the federal budget for the
implementation of state support for the creation and development of world-class scientific centers,
those are performing research and development on the priorities of scientific and technological
development” dated 20 April 2022 No. 075-15-2022-311.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jyoti, ].; Singh, B.P; Tripathi, S.K. Recent Advancements in Development of Different Cathode Materials for Rechargeable Lithium
Ion Batteries. J. Energy Storage 2021, 43, 103112. [CrossRef]

2. Shen, YE; Shen, XH.; Yang, M.; Qian, ].E; Cao, Y.L.; Yang, H.X;; Luo, Y.; Ai, X.P. Achieving Desirable Initial Coulombic Efficiencies and
Full Capacity Utilization of Li-Ion Batteries by Chemical Prelithiation of Graphite Anode. Adv. Funct. Mater. 2021, 31, 2101181. [CrossRef]

3. Xu,N,;Mej, S, Chen, Z; Dong, Y,; Li, W.; Zhang, C. High-Performance Li-Organic Battery Based on Thiophene-Containing Porous
Organic Polymers with Different Morphology and Surface Area as the Anode Materials. Chem. Eng. J. 2020, 395, 124975. [CrossRef]

4. Jiang, HR,; Lu, Z.; Wu, M.C,; Ciucci, F; Zhao, T.S. Borophene: A Promising Anode Material Offering High Specific Capacity and
High Rate Capability for Lithium-Ion Batteries. Nano Energy 2016, 23, 97-104. [CrossRef]

5. Wang, X,; Tang, S.; Guo, W.; Fu, Y.; Manthiram, A. Advances in Multimetallic Alloy-Based Anodes for Alkali-lon and Alkali-Metal
Batteries. Mater. Today 2021, 50, 259-275. [CrossRef]

6. Sun, T,; Liu, C.; Wang, J.; Nian, Q.; Feng, Y.; Zhang, Y.; Tao, Z.; Chen, ]. A Phenazine Anode for High-Performance Aqueous
Rechargeable Batteries in a Wide Temperature Range. Nano Res. 2020, 13, 676-683. [CrossRef]

7. Chae, S.; Ko, M,; Kim, K; Ahn, K.; Cho, J. Confronting Issues of the Practical Implementation of Si Anode in High-Energy
Lithium-Ion Batteries. Joule 2017, 1, 47-60. [CrossRef]

8. Reddy, M.V,; Subba Rao, G.V.; Chowdari, B.V.R. Metal Oxides and Oxysalts as Anode Materials for Li Ion Batteries. Chem. Rev.

2013, 113, 5364-5457. [CrossRef]


http://doi.org/10.1016/j.est.2021.103112
http://doi.org/10.1002/adfm.202101181
http://doi.org/10.1016/j.cej.2020.124975
http://doi.org/10.1016/j.nanoen.2016.03.013
http://doi.org/10.1016/j.mattod.2021.05.001
http://doi.org/10.1007/s12274-020-2674-3
http://doi.org/10.1016/j.joule.2017.07.006
http://doi.org/10.1021/cr3001884

Materials 2023, 16, 177 21 of 25

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

Zhang, ].; Zhang, M.; Zhang, L. Binder-Free Three-Dimensional Porous Structured Metal Oxides as Anode for High Performance
Lithium-Ion Battery. Electrochim. Acta 2013, 105, 282-288. [CrossRef]

Liang, C.; Gao, M.; Pan, H; Liu, Y.; Yan, M. Lithium Alloys and Metal Oxides as High-Capacity Anode Materials for Lithium-Ion
Batteries. J. Alloys Compd. 2013, 575, 246-256. [CrossRef]

Park, C.M.,; Kim, ].H.; Kim, H.; Sohn, H.J. Li-Alloy Based Anode Materials for Li Secondary Batteries. Chem. Soc. Rev. 2010, 39,
3115-3141. [CrossRef]

Zhang, G.; Yang, Y.; Zhang, T.; Xu, D.; Lei, Z.; Wang, C.; Liu, G.; Deng, Y. Fe!l Chelated Organic Anode with Ultrahigh Rate
Performance and Ultra-Long Cycling Stability for Lithium-Ion Batteries. Energy Storage Mater. 2020, 24, 432—438. [CrossRef]

Li, X,; Sun, X.; Hu, X,; Fan, F; Cai, S.; Zheng, C.; Stucky, G.D. Review on Comprehending and Enhancing the Initial Coulombic
Efficiency of Anode Materials in Lithium-Ion/Sodium-Ion Batteries. Nano Energy 2020, 77, 105143. [CrossRef]

Liang, Y.; Yao, Y. Positioning Organic Electrode Materials in the Battery Landscape. Joule 2018, 2, 1690-1706. [CrossRef]

Liang, Y.; Tao, Z.; Chen, J. Organic Electrode Materials for Rechargeable Lithium Batteries. Adv. Energy Mater. 2012, 2,
742-769. [CrossRef]

Lee, S.; Kwon, G.; Ku, K,; Yoon, K.; Jung, SK.; Lim, H.D.; Kang, K. Recent Progress in Organic Electrodes for Li and Na
Rechargeable Batteries. Adv. Mater. 2018, 30, 1704682. [CrossRef]

Lu, Y.; Chen, J. Prospects of Organic Electrode Materials for Practical Lithium Batteries. Nat. Rev. Chem. 2020, 4,
127-142. [CrossRef]

Cui, C,; Ji, X,; Wang, PF; Xu, G.L.; Chen, L.; Chen, J.; Kim, H,; Ren, Y.; Chen, F; Yang, C; et al. Integrating Multiredox Centers
into One Framework for High-Performance Organic Li-lon Battery Cathodes. ACS Energy Lett. 2020, 5, 224-231. [CrossRef]
Sieuw, L.; Lakraychi, A.E.; Rambabu, D.; Robeyns, K.; Jouhara, A.; Borodi, G.; Morari, C.; Poizot, P.; Vlad, A. Through-Space
Charge Modulation Overriding Substituent Effect: Rise of the Redox Potential at 3.35 V in a Lithium-Phenolate Stereoelectronic
Isomer. Chem. Mater. 2020, 32, 9996-10006. [CrossRef]

Lu, Y;; Zhang, Q.; Li, L.; Niu, Z.; Chen, J. Design Strategies toward Enhancing the Performance of Organic Electrode Materials in
Metal-Ion Batteries. Chem 2018, 4, 2786—2813. [CrossRef]

Lee, M.; Hong, J.; Lopez, J.; Sun, Y,; Feng, D.; Lim, K.; Chueh, W.C.; Toney, M.E;; Cui, Y.; Bao, Z. High-Performance Sodium-Organic
Battery by Realizing Four-Sodium Storage in Disodium Rhodizonate. Nat. Energy 2017, 2, 861-868. [CrossRef]

Banda, H.; Damien, D.; Nagarajan, K.; Raj, A.; Hariharan, M.; Shaijumon, M.M. Twisted Perylene Diimides with Tunable Redox
Properties for Organic Sodium-Ion Batteries. Adv. Energy Mater. 2017, 7, 1701316. [CrossRef]

Yokoji, T.; Kameyama, Y.; Sakaida, S.; Maruyama, N.; Satoh, M.; Matsubara, H. Steric Effects on the Cyclability of Benzoquinone-
type Organic Cathode Active Materials for Rechargeable Batteries. Chem. Lett. 2015, 44, 1726-1728. [CrossRef]

Shea, ].].; Luo, C. Organic Electrode Materials for Metal Ion Batteries. ACS Appl. Mater. Interfaces 2020, 12, 5361-5380. [CrossRef]
Gannett, C.N.; Melecio-Zambrano, L.; Theibault, M.].; Peterson, B.M.; Fors, B.P.; Abrufia, H.D. Organic Electrode Materials for
Fast-Rate, High-Power Battery Applications. Mater. Rep. Energy 2021, 1, 100008. [CrossRef]

Wang, Z.; Jin, W.; Huang, X; Lu, G.; Li, Y. Covalent Organic Frameworks as Electrode Materials for Metal Ion Batteries: A Current
Review. Chem. Rec. 2020, 20, 1198-1219. [CrossRef]

Zhao-Karger, Z.; Gao, P; Ebert, T.; Klyatskaya, S.; Chen, Z.; Ruben, M.; Fichtner, M. New Organic Electrode Materials for Ultrafast
Electrochemical Energy Storage. Adv. Mater. 2019, 31, 1806599. [CrossRef]

Schon, T.B.; McAllister, B.T.; Li, P.F,; Seferos, D.S. The Rise of Organic Electrode Materials for Energy Storage. Chem. Soc. Rev.
2016, 45, 6345-6404. [CrossRef]

Veerababu, M.; Varadaraju, U.V.; Kothandaraman, R. Improved Electrochemical Performance of Lithium/Sodium Perylene-
3,4,9,10-Tetracarboxylate as an Anode Material for Secondary Rechargeable Batteries. Int. ]. Hydrog. Energy 2015, 40,
14925-14931. [CrossRef]

Zheng, C; Zhu, J.; Yang, C.; Lu, C,; Chen, Z.; Zhuang, X. The Art of Two-Dimensional Soft Nanomaterials. Sci. China Chem. 2019,
62,1145-1193. [CrossRef]

Zhang, C.; Lu, C.,; Zhang, E; Qiu, F; Zhuang, X.; Feng, X. Two-Dimensional Organic Cathode Materials for Alkali-Metal-Ion
Batteries. J. Energy Chem. 2018, 27, 86-98. [CrossRef]

Wu, Q.; Liu, J.; Yuan, C.; Li, Q.; Wang, H. Nitrogen-Doped 3D Flower-like Carbon Materials Derived from Polyimide as
High-Performance Anode Materials for Lithium-Ion Batteries. Appl. Surf. Sci. 2017, 425, 1082-1088. [CrossRef]

Su, Y; Liu, Y.;; Liu, P; Wu, D.; Zhuang, X.; Fan, Z.; Feng, X. Compact Coupled Graphene and Porous Polyaryltriazine-
Derived Frameworks as High Performance Cathodes for Lithium-lon Batteries. Angew. Chem. Int. Ed. 2015, 54,
1812-1816. [CrossRef] [PubMed]

Shi, R;; Jiao, S.; Yue, Q.; Gu, G.; Zhang, K.; Zhao, Y.; Kai Zhang, C. Challenges and Advances of Organic Electrode Materials for
Sustainable Secondary Batteries. Exploration 2022, 2, 20220066. [CrossRef]

Sun, T,; Xie, J.; Guo, W.; Li, D.S.; Zhang, Q. Covalent-Organic Frameworks: Advanced Organic Electrode Materials for
Rechargeable Batteries. Adv. Energy Mater. 2020, 10, 1904199. [CrossRef]

Chen, Y.; Wang, C. Designing High Performance Organic Batteries. Acc. Chem. Res. 2020, 53, 2636-2647. [CrossRef]

Poizot, P.; Gaubicher, J.; Renault, S.; Dubois, L.; Liang, Y.; Yao, Y. Opportunities and Challenges for Organic Electrodes in
Electrochemical Energy Storage. Chem. Rev. 2020, 120, 6490-6557. [CrossRef]


http://doi.org/10.1016/j.electacta.2013.04.176
http://doi.org/10.1016/j.jallcom.2013.04.001
http://doi.org/10.1039/b919877f
http://doi.org/10.1016/j.ensm.2019.07.018
http://doi.org/10.1016/j.nanoen.2020.105143
http://doi.org/10.1016/j.joule.2018.07.008
http://doi.org/10.1002/aenm.201100795
http://doi.org/10.1002/adma.201704682
http://doi.org/10.1038/s41570-020-0160-9
http://doi.org/10.1021/acsenergylett.9b02466
http://doi.org/10.1021/acs.chemmater.0c02989
http://doi.org/10.1016/j.chempr.2018.09.005
http://doi.org/10.1038/s41560-017-0014-y
http://doi.org/10.1002/aenm.201701316
http://doi.org/10.1246/cl.150836
http://doi.org/10.1021/acsami.9b20384
http://doi.org/10.1016/j.matre.2021.01.003
http://doi.org/10.1002/tcr.202000074
http://doi.org/10.1002/adma.201806599
http://doi.org/10.1039/C6CS00173D
http://doi.org/10.1016/j.ijhydene.2015.09.001
http://doi.org/10.1007/s11426-019-9477-y
http://doi.org/10.1016/j.jechem.2017.11.008
http://doi.org/10.1016/j.apsusc.2017.07.118
http://doi.org/10.1002/anie.201410154
http://www.ncbi.nlm.nih.gov/pubmed/25515597
http://doi.org/10.1002/EXP.20220066
http://doi.org/10.1002/aenm.201904199
http://doi.org/10.1021/acs.accounts.0c00465
http://doi.org/10.1021/acs.chemrev.9b00482

Materials 2023, 16, 177 22 of 25

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Muench, S.; Wild, A.; Friebe, C.; Haupler, B.; Janoschka, T.; Schubert, U.S. Polymer-Based Organic Batteries. Chem. Rev. 2016, 116,
9438-9484. [CrossRef]

Song, Z.; Zhou, H. Towards Sustainable and Versatile Energy Storage Devices: An Overview of Organic Electrode Materials.
Energy Environ. Sci. 2013, 6, 2280-2301. [CrossRef]

Zhu, LM,; Lei, AW.,; Cao, Y.L.; Ai, X.P; Yang, H.X. An All-Organic Rechargeable Battery Using Bipolar Polyparaphenylene as a
Redox-Active Cathode and Anode. Chem. Commun. 2012, 49, 567-569. [CrossRef]

Min, D.J.; Lee, K,; Park, S.Y.; Kwon, J.E. Mellitic Triimides Showing Three One-Electron Redox Reactions with Increased Redox
Potential as New Electrode Materials for Li-Ion Batteries. ChemSusChem 2020, 13, 2303-2311. [CrossRef] [PubMed]

Buyukcakir, O.; Ryu, J.; Joo, S.H.; Kang, ]J.; Yuksel, R.; Lee, J.; Jiang, Y.; Choi, S.; Lee, H.S.; Kwak, SK.; et al. Lithium
Accommodation in a Redox-Active Covalent Triazine Framework for High Areal Capacity and Fast-Charging Lithium-Ion
Batteries. Adv. Funct. Mater. 2020, 30, 2003761. [CrossRef]

Abher, ].; Graefenstein, A.; Deshmukh, G.; Subramani, K.; Krueger, B.; Haensch, M.; Schwenzel, J.; Krishnamoorthy, K.; Wittstock, G.
Effect of Aromatic Rings and Substituent on the Performance of Lithium Batteries with Rylene Imide Cathodes. ChemElectroChem
2020, 7, 1160-1165. [CrossRef]

Wang, Y.; Deng, Y.; Qu, Q.; Zheng, X.; Zhang, J.; Liu, G.; Battaglia, V.S.; Zheng, H. Ultrahigh-Capacity Organic Anode with
High-Rate Capability and Long Cycle Life for Lithium-Ion Batteries. ACS Energy Lett. 2017, 2, 2140-2148. [CrossRef]

Lee, M.; Hong, J.; Lee, B.; Ku, K;; Lee, S.; Park, C.B.; Kang, K. Multi-Electron Redox Phenazine for Ready-to-Charge Organic
Batteries. Green Chem. 2017, 19, 2980-2985. [CrossRef]

Lee, J.; Kim, H.; Park, M.]. Long-Life, High-Rate Lithium-Organic Batteries Based on Naphthoquinone Derivatives. Chem. Mater.
2016, 28, 2408-2416. [CrossRef]

Héupler, B.; Wild, A.; Schubert, U.S.; Haupler, B.; Wild, A.; Schubert, U.S. Carbonyls: Powerful Organic Materials for Secondary
Batteries. Adv. Energy Mater. 2015, 5, 1402034. [CrossRef]

Han, X.; Qing, G; Sun, J.; Sun, T. How Many Lithium Ions Can Be Inserted onto Fused C¢ Aromatic Ring Systems? Angew. Chem.
Int. Ed. 2012, 51, 5147-5151. [CrossRef]

Zhang, C.; Chen, S.; Zhou, G.; Hou, Q.; Luo, S.; Wang, Y.; Shi, G.; Zeng, R. 3-Anthraquinone Substituted Polythiophene as Anode
Material for Lithium Ion Battery. ]. Electroanal. Chem. 2021, 895, 115495. [CrossRef]

Wang, H.; Yao, C.-J.; Nie, H.-J.; Wang, K.-Z.; Zhong, Y.-W.; Chen, P.; Mei, S.; Zhang, Q. Recent Progress in Carbonyl-Based
Organic Polymers as Promising Electrode Materials for Lithium-Ion Batteries (LIBs). ]. Mater. Chem. A Mater. 2020, 8,
11906-11922. [CrossRef]

Wang, Y.; Liu, W.; Guo, R.; Qu, Q.; Zheng, H.; Zhang, J.; Huang, Y. A High-Capacity Organic Anode with Self-Assembled
Morphological Transformation for Green Lithium-Ion Batteries. J. Mater. Chem. A Mater. 2019, 7, 22621-22630. [CrossRef]

Gu, T;; Zhou, M,; Huang, B; Cao, S.; Wang, |.; Tang, Y.; Wang, K.; Cheng, S.; Jiang, K. Advanced Li-Organic Batteries with
Super-High Capacity and Long Cycle Life via Multiple Redox Reactions. Chem. Eng. J. 2019, 373, 501-507. [CrossRef]

Li, G.; Zhang, B.; Wang, ].; Zhao, H.; Ma, W.; Xu, L.; Zhang, W.; Zhou, K.; Dy, Y.; He, G. Electrochromic Poly(Chalcogenoviologen)s
as Anode Materials for High-Performance Organic Radical Lithium-Ion Batteries. Angew. Chem. Int. Ed. 2019, 58,
8468-8473. [CrossRef]

Zhu, Y.; Chen, P; Zhou, Y.; Nie, W.; Xu, Y. New Family of Organic Anode without Aromatics for Energy Storage. Electrochim. Acta
2019, 318, 262-271. [CrossRef]

Wei, W,; Chang, G.; Xu, Y.; Yang, L. An Indole-Based Conjugated Microporous Polymer: A New and Stable Lithium Storage
Anode with High Capacity and Long Life Induced by Cation—7t Interactions and a N-Rich Aromatic Structure. J. Mater. Chem. A
Mater. 2018, 6, 18794-18798. [CrossRef]

Banerjee, A.; Araujo, R.B.; Sjodin, M.; Ahuja, R. Identifying the Tuning Key of Disproportionation Redox Reaction in Terephthalate:
A Li-Based Anode for Sustainable Organic Batteries. Nano Energy 2018, 47, 301-308. [CrossRef]

Maiti, S.; Pramanik, A.; Dhawa, T.; Mahanty, S. Redox-Active Organic Molecular Salt of 1,2,4-Benzenetricarboxylic Acid as
Lithium-Ion Battery Anode. Mater. Lett. 2017, 209, 613—-617. [CrossRef]

Deng, Q.; Xue, J.; Zou, W.; Wang, L.; Zhou, A.; Li, ]. The Electrochemical Behaviors of LiyCgH4Og and Its Corresponding Organic
Acid CgHgOg as Anodes for Li-Ion Batteries. J. Electroanal. Chem. 2016, 761, 74-79. [CrossRef]

Janoschka, T.; Hager, M.D.; Schubert, U.S. Powering up the Future: Radical Polymers for Battery Applications. Adv. Mater. 2012,
24, 6397-6409. [CrossRef] [PubMed]

Zhu, L.; Ding, G.; Xie, L.; Cao, X; Liu, ].; Lei, X.; Ma, ]. Conjugated Carbonyl Compounds as High-Performance Cathode Materials
for Rechargeable Batteries. Chem. Mater. 2019, 31, 8582-8612. [CrossRef]

Xie, J.; Gu, P; Zhang, Q. Nanostructured Conjugated Polymers: Toward High-Performance Organic Electrodes for Rechargeable
Batteries. ACS Energy Lett. 2017, 2, 1985-1996. [CrossRef]

Ogihara, N.; Yasuda, T.; Kishida, Y.; Ohsuna, T.; Miyamoto, K.; Ohba, N. Organic Dicarboxylate Negative Electrode Materials with
Remarkably Small Strain for High-Voltage Bipolar Batteries. Angew. Chem. Int. Ed. 2014, 53, 11467-11472. [CrossRef] [PubMed]
Zhao, R.R;; Cao, Y.L; Ai, X.P; Yang, H.X. Reversible Li and Na Storage Behaviors of Perylenetetracarboxylates as Organic Anodes
for Li- and Na-Ion Batteries. . Electroanal. Chem. 2013, 688, 93-97. [CrossRef]

Renault, S.; Mihali, V.A.; Brandell, D. Optimizing the Electrochemical Performance of Water-Soluble Organic Li-Ion Battery
Electrodes. Electrochem. Commun. 2013, 34, 174-176. [CrossRef]


http://doi.org/10.1021/acs.chemrev.6b00070
http://doi.org/10.1039/c3ee40709h
http://doi.org/10.1039/C2CC36622C
http://doi.org/10.1002/cssc.202000180
http://www.ncbi.nlm.nih.gov/pubmed/32109008
http://doi.org/10.1002/adfm.202003761
http://doi.org/10.1002/celc.202000118
http://doi.org/10.1021/acsenergylett.7b00622
http://doi.org/10.1039/C7GC00849J
http://doi.org/10.1021/acs.chemmater.6b00624
http://doi.org/10.1002/aenm.201402034
http://doi.org/10.1002/anie.201109187
http://doi.org/10.1016/j.jelechem.2021.115495
http://doi.org/10.1039/D0TA03321A
http://doi.org/10.1039/C9TA07354J
http://doi.org/10.1016/j.cej.2019.05.062
http://doi.org/10.1002/anie.201903152
http://doi.org/10.1016/j.electacta.2019.06.051
http://doi.org/10.1039/C8TA06194G
http://doi.org/10.1016/j.nanoen.2018.02.038
http://doi.org/10.1016/j.matlet.2017.08.112
http://doi.org/10.1016/j.jelechem.2015.12.005
http://doi.org/10.1002/adma.201203119
http://www.ncbi.nlm.nih.gov/pubmed/23238940
http://doi.org/10.1021/acs.chemmater.9b03109
http://doi.org/10.1021/acsenergylett.7b00494
http://doi.org/10.1002/anie.201405139
http://www.ncbi.nlm.nih.gov/pubmed/25196994
http://doi.org/10.1016/j.jelechem.2012.07.019
http://doi.org/10.1016/j.elecom.2013.06.008

Materials 2023, 16, 177 23 of 25

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Renault, S.; Geng, J.; Dolhem, E; Poizot, P. Evaluation of Polyketones with N-Cyclic Structure as Electrode Material for Electrochemical
Energy Storage: Case of Pyromellitic Diimide Dilithium Salt. Chem. Commun. 2011, 47, 2414-2416. [CrossRef] [PubMed]

Senoh, H.; Yao, M.; Sakaebe, H.; Yasuda, K.; Siroma, Z. A Two-Compartment Cell for Using Soluble Benzoquinone Derivatives as
Active Materials in Lithium Secondary Batteries. Electrochim. Acta 2011, 56, 10145-10150. [CrossRef]

Nokami, T.; Matsuo, T.; Inatomi, Y.; Hojo, N.; Tsukagoshi, T.; Yoshizawa, H.; Shimizu, A.; Kuramoto, H.; Komae, K.; Tsuyama, H.;
et al. Polymer-Bound Pyrene-4,5,9,10-Tetraone for Fast-Charge and -Discharge Lithium-Ion Batteries with High Capacity. |. Am.
Chem. Soc. 2012, 134, 19694-19700. [CrossRef]

Walker, W.; Grugeon, S.; Mentre, O.; Laruelle, S.; Tarascon, ].M.; Wudl, F. Ethoxycarbonyl-Based Organic Electrode for Li-Batteries.
J. Am. Chem. Soc. 2010, 132, 6517-6523. [CrossRef]

Han, X.; Chang, C.; Yuan, L.; Sun, T.; Sun, J. Aromatic Carbonyl Derivative Polymers as High-Performance Li-lon Storage
Materials. Adv. Mater. 2007, 19, 1616-1621. [CrossRef]

Zeng, RH,; Li, X.P; Qiu, Y.C,; Li, WS.; Yi, ].; Lu, D.S,; Tan, C.L.; Xu, M.Q. Synthesis and Properties of a Lithium-Organic Coordination
Compound as Lithium-Inserted Material for Lithium Ion Batteries. Electrochem. Commun. 2010, 9, 1253-1256. [CrossRef]

Armand, M.; Grugeon, S.; Vezin, H.; Laruelle, S.; Ribiere, P.; Poizot, P,; Tarascon, ].M. Conjugated Dicarboxylate Anodes for Li-Ion
Batteries. Nat. Mater. 2009, 8, 120-125. [CrossRef] [PubMed]

Walker, W.; Grugeon, S.; Vezin, H.; Laruelle, S.; Armand, M.; Tarascon, ].M.; Wudl, E. The Effect of Length and Cis/Trans
Relationship of Conjugated Pathway on Secondary Battery Performance in Organolithium Electrodes. Electrochem. Commun.
2010, 12, 1348-1351. [CrossRef]

Wang, L.; Mou, C.; Wu, B,; Xue, J.; Li, ]. Alkaline Earth Metal Terephthalates MCgH4O4 (M=Ca, St, Ba) as Anodes for Lithium Ion
Batteries. Electrochim. Acta 2016, 196, 118-124. [CrossRef]

Liu, F; Liao, S.; Lin, H.; Yin, Y,; Liu, Y.; Meng, H.; Min, Y. A Facile Strategy for Synthesizing Organic Tannic Metal Salts as
Advanced Energy Storage Anodes. ChemElectroChem 2021, 8, 2686-2692. [CrossRef]

Xiao, F; Liu, P; Li, ].; Zhang, Y.; Liu, Y.; Xu, M. A Small Molecule Organic Compound Applied as an Advanced Anode Material
for Lithium-Ion Batteries. Chem. Commun. 2022, 58, 697-700. [CrossRef] [PubMed]

Luo, C.; Ji, X.; Hou, S.; Eidson, N.; Fan, X,; Liang, Y.; Deng, T.; Jiang, J.; Wang, C. Azo Compounds Derived from Electrochemical
Reduction of Nitro Compounds for High Performance Li-Ion Batteries. Adv. Mater. 2018, 30, 1706498. [CrossRef] [PubMed]
Lakraychi, A.E.; Dolhem, F.; Djedaini-Pilard, F.; Becuwe, M. Substituent Effect on Redox Potential of Terephthalate-Based
Electrode Materials for Lithium Batteries. Electrochem. Commun. 2018, 93, 71-75. [CrossRef]

Nisula, M.; Karppinen, M. Atomic/Molecular Layer Deposition of Lithium Terephthalate Thin Films as High Rate Capability
Li-Ion Battery Anodes. Nano Lett. 2016, 16, 1276-1281. [CrossRef]

Fédele, L.; Sauvage, F.; Bécuwe, M. Hyper-Conjugated Lithium Carboxylate Based on a Perylene Unit for High-Rate Organic
Lithium-Ion Batteries. |. Mater. Chem. A Mater. 2014, 2, 18225-18228. [CrossRef]

Zhang, H.; Deng, Q.; Zhou, A.; Liu, X,; Li, ]J. Porous Li;CgH4O4 Coated with N-Doped Carbon by Using CVD as an Anode
Material for Li-Ion Batteries. J. Mater. Chem. A Mater. 2014, 2, 5696-5702. [CrossRef]

Walker, W.; Grugeon, S.; Vezin, H.; Laruelle, S.; Armand, M.; Wudl, F; Tarascon, ].M. Electrochemical Characterization of Lithium
4,4’ -Tolane-Dicarboxylate for Use as a Negative Electrode in Li-Ion Batteries. J. Mater. Chem. 2011, 21, 1615-1620. [CrossRef]
Diercks, C.S.; Yaghi, O.M. The Atom, the Molecule, and the Covalent Organic Framework. Science 2017, 355, eaal1585. [CrossRef]
[PubMed]

Huang, N.; Wang, P.; Jiang, D. Covalent Organic Frameworks: A Materials Platform for Structural and Functional Designs. Nat.
Rev. Mater. 2016, 1, 16068. [CrossRef]

Beuerle, F; Gole, B. Covalent Organic Frameworks and Cage Compounds: Design and Applications of Polymeric and Discrete
Organic Scaffolds. Angew. Chem. Int. Ed. 2018, 57, 4850-4878. [CrossRef]

Amin, K.; Mao, L.; Wei, Z. Recent Progress in Polymeric Carbonyl-Based Electrode Materials for Lithium and Sodium Ion
Batteries. Macromol. Rapid Commun. 2019, 40, 1800565. [CrossRef]

Molina, A.; Patil, N.; Ventosa, E.; Liras, M.; Palma, J.; Marcilla, R. New Anthraquinone-Based Conjugated Microporous Polymer
Cathode with Ultrahigh Specific Surface Area for High-Performance Lithium-Ion Batteries. Adv. Funct. Mater. 2020, 30, 1908074.
[CrossRef]

Yu, Q.; Xue, Z.; Li, M.; Qiu, P; Li, C.; Wang, S.; Yu, J.; Nara, H.; Na, J.; Yamauchi, Y. Electrochemical Activity of Nitrogen-
Containing Groups in Organic Electrode Materials and Related Improvement Strategies. Adv. Energy Mater. 2021, 11, 2002523.
[CrossRef]

Yang, H.; Zhang, S.; Han, L.; Zhang, Z.; Xue, Z.; Gao, J.; Li, Y.; Huang, C.; Yi, Y.; Liu, H.; et al. High Conductive Two-Dimensional
Covalent Organic Framework for Lithium Storage with Large Capacity. ACS Appl. Mater. Interfaces 2016, 8, 5366-5375. [CrossRef]
Bai, L.; Gao, Q.; Zhao, Y. Two Fully Conjugated Covalent Organic Frameworks as Anode Materials for Lithium Ion Batteries.
J. Mater. Chem. A Mater. 2016, 4, 14106-14110. [CrossRef]

Lin, Z.-Q.; Xie, J.; Zhang, B.-W.; Li, ]J.-W.; Weng, J.; Song, R.-B.; Huang, X.; Zhang, H.; Li, H.; Liu, Y,; et al. Solution-
Processed Nitrogen-Rich Graphene-like Holey Conjugated Polymer for Efficient Lithium Ion Storage. Nano Energy 2017, 41,
117-127. [CrossRef]

Lei, Z,; Yang, Q.; Xu, Y.; Guo, S.; Sun, W,; Liu, H.; Lv, L.P; Zhang, Y.; Wang, Y. Boosting Lithium Storage in Covalent Organic
Framework via Activation of 14-Electron Redox Chemistry. Nat. Commun. 2018, 9, 576. [CrossRef] [PubMed]


http://doi.org/10.1039/C0CC04440G
http://www.ncbi.nlm.nih.gov/pubmed/21170429
http://doi.org/10.1016/j.electacta.2011.08.115
http://doi.org/10.1021/ja306663g
http://doi.org/10.1021/ja1012849
http://doi.org/10.1002/adma.200602584
http://doi.org/10.1016/j.elecom.2010.06.033
http://doi.org/10.1038/nmat2372
http://www.ncbi.nlm.nih.gov/pubmed/19151701
http://doi.org/10.1016/j.elecom.2010.07.017
http://doi.org/10.1016/j.electacta.2016.02.155
http://doi.org/10.1002/celc.202100569
http://doi.org/10.1039/D1CC04314E
http://www.ncbi.nlm.nih.gov/pubmed/34920448
http://doi.org/10.1002/adma.201706498
http://www.ncbi.nlm.nih.gov/pubmed/29687487
http://doi.org/10.1016/j.elecom.2018.06.009
http://doi.org/10.1021/acs.nanolett.5b04604
http://doi.org/10.1039/C4TA02293A
http://doi.org/10.1039/C3TA14720G
http://doi.org/10.1039/C0JM03458D
http://doi.org/10.1126/science.aal1585
http://www.ncbi.nlm.nih.gov/pubmed/28254887
http://doi.org/10.1038/natrevmats.2016.68
http://doi.org/10.1002/anie.201710190
http://doi.org/10.1002/marc.201800565
http://doi.org/10.1002/adfm.201908074
http://doi.org/10.1002/aenm.202002523
http://doi.org/10.1021/acsami.5b12370
http://doi.org/10.1039/C6TA06449C
http://doi.org/10.1016/j.nanoen.2017.08.038
http://doi.org/10.1038/s41467-018-02889-7
http://www.ncbi.nlm.nih.gov/pubmed/29422540

Materials 2023, 16, 177 24 of 25

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Lei, Z.; Chen, X,; Sun, W,; Zhang, Y.; Wang, Y.; Lei, Z.D.; Chen, X.D.; Sun, WW.; Wang, Y.; Zhang, Y. Exfoliated Triazine-Based
Covalent Organic Nanosheets with Multielectron Redox for High-Performance Lithium Organic Batteries. Adv. Energy Mater.
2019, 9, 1801010. [CrossRef]

Wu, M.; Zhao, Y.; Zhang, H.; Zhu, J.; Ma, Y; Li, C.; Zhang, Y.; Chen, Y. A 2D Covalent Organic Framework with Ultra-Large
Interlayer Distance as High-Rate Anode Material for Lithium-Ion Batteries. Nano Res. 2021, 15, 9779-9784. [CrossRef]

Wang, S.; Wang, Q.; Shao, P.; Han, Y,; Gao, X.; Ma, L.; Yuan, S.; Ma, X.; Zhou, J.; Feng, X,; et al. Exfoliation of Covalent Organic
Frameworks into Few-Layer Redox-Active Nanosheets as Cathode Materials for Lithium-Ion Batteries. |. Am. Chem. Soc. 2017,
139, 4258-4261. [CrossRef] [PubMed]

Yang, D.H.; Yao, Z.Q.; Wu, D.; Zhang, Y.H.; Zhou, Z.; Bu, X.H. Structure-Modulated Crystalline Covalent Organic Frameworks as
High-Rate Cathodes for Li-lon Batteries. ]. Mater. Chem. A Mater. 2016, 4, 18621-18627. [CrossRef]

Xu, F; Jin, S.; Zhong, H.; Wu, D.; Yang, X.; Chen, X.; Wei, H.; Fu, R,; Jiang, D. Electrochemically Active, Crystalline, Mesoporous
Covalent Organic Frameworks on Carbon Nanotubes for Synergistic Lithium-Ion Battery Energy Storage. Sci. Rep. 2015,
5,8225. [CrossRef]

Li, X.; Cheng, F; Zhang, S.; Chen, ]J. Shape-Controlled Synthesis and Lithium-Storage Study of Metal-Organic Frameworks
Zn40(1,3,5-Benzenetribenzoate),. J. Power Sources 2006, 160, 542-547. [CrossRef]

Li, C,; Chen, T.; Xu, W.; Lou, X; Pan, L.; Chen, Q.; Hu, B. Mesoporous Nanostructured Co3O4 Derived from MOF Template: A
High-Performance Anode Material for Lithium-Ion Batteries. ]. Mater. Chem. A Mater. 2015, 3, 5585-5591. [CrossRef]

Wuy, R;; Qian, X.; Yu, F; Liu, H.; Zhou, K.; Wei, J.; Huang, Y. MOF-Templated Formation of Porous CuO Hollow Octahedra for
Lithium-Ion Battery Anode Materials. . Mater. Chem. A Mater. 2013, 1, 11126-11129. [CrossRef]

Yang, S.J.; Nam, S.; Kim, T.; Im, ].H.; Jung, H.; Kang, ].H.; Wi, S.; Park, B.; Park, C.R. Preparation and Exceptional Lithium Anodic
Performance of Porous Carbon-Coated ZnO Quantum Dots Derived from a Metal-Organic Framework. . Am. Chem. Soc. 2013,
135, 7394-7397. [CrossRef]

Han, Y,; Qi, P; Li, S,; Feng, X.; Zhou, J.; Li, H.; Su, S.; Li, X.; Wang, B. A Novel Anode Material Derived from Organic-Coated ZIF-8
Nanocomposites with High Performance in Lithium Ion Batteries. Chem. Commun. 2014, 50, 8057-8060. [CrossRef] [PubMed]
Serre, C.; Millange, E; Surblé, S.; Férey, G. A Route to the Synthesis of Trivalent Transition-Metal Porous Carboxylates with
Trimeric Secondary Building Units. Angew. Chem. Int. Ed. 2004, 43, 6285-6289. [CrossRef] [PubMed]

Wu, R; Qian, X.; Rui, X.; Liu, H.; Yadian, B.; Zhou, K.; Wei, J.; Yan, Q.; Feng, X.Q.; Long, Y.; et al. Zeolitic Imidazolate Framework
67-Derived High Symmetric Porous Co304 Hollow Dodecahedra with Highly Enhanced Lithium Storage Capability. Small 2014,
10, 1932-1938. [CrossRef]

Song, H.; Shen, L.; Wang, J.; Wang, C. Reversible Lithiation—Delithiation Chemistry in Cobalt Based Metal Organic Framework
Nanowire Electrode Engineering for Advanced Lithium-Ion Batteries. J. Mater. Chem. A Mater. 2016, 4, 15411-15419. [CrossRef]
Song, H.; Shen, L.; Wang, J.; Wang, C. Phase Segregation and Self-Nano-Crystallization Induced High Performance Li-Storage in
Metal-Organic Framework Bulks for Advanced Lithium Ion Batteries. Nano Energy 2017, 34, 47-57. [CrossRef]

Shen, L.; Song, H.; Wang, C. Metal-Organic Frameworks Triggered High-Efficiency Li Storage in Fe-Based Polyhedral Nanorods
for Lithium-Ion Batteries. Electrochim. Acta 2017, 235, 595-603. [CrossRef]

Sharma, N.; Szunerits, S.; Boukherroub, R.; Ye, R.; Melinte, S.; Thotiyl, M.O.; Ogale, S. Dual-Ligand Fe-Metal Organic Framework
Based Robust High Capacity Li Ion Battery Anode and Its Use in a Flexible Battery Format for Electro-Thermal Heating. ACS
Appl. Energy Mater. 2019, 2, 4450-4457. [CrossRef]

Guo, L.; Sun, J.; Zhang, W.; Hou, L.; Liang, L.; Liu, Y.; Yuan, C. Bottom-Up Fabrication of 1D Cu-Based Conductive Metal-Organic
Framework Nanowires as a High-Rate Anode towards Efficient Lithium Storage. ChemSusChem 2019, 12, 5051-5058. [CrossRef]
Weng, Y.G; Yin, W.Y;; Jiang, M.; Hou, ].L.; Shao, J.; Zhu, Q.Y.; Dai, J. Tetrathiafulvalene-Based Metal-Organic Framework as a
High-Performance Anode for Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2020, 12, 52615-52623. [CrossRef]

Wei, R.; Dong, Y.; Zhang, Y.; Zhang, R.; Al-Tahan, M.A.; Zhang, J. In-Situ Self-Assembled Hollow Urchins F-Co-MOF on rGO as
Advanced Anodes for Lithium-Ion and Sodium-Ion Batteries. |. Colloid Interface Sci. 2021, 582, 236-245. [CrossRef]

Zhou, X.; Yu, Y;; Yang, J.; Wang, H.; Jia, M.; Tang, J. Cross-Linking Tin-Based Metal-Organic Frameworks with Encapsulated
Silicon Nanoparticles: High-Performance Anodes for Lithium-Ion Batteries. ChemElectroChem 2019, 6, 2056—2063. [CrossRef]
Nazir, A.; Le, H.T.T.; Kasbe, A.; Park, C.J. Si Nanoparticles Confined within a Conductive 2D Porous Cu-Based Metal-Organic
Framework (Cuz(HITP),) as Potential Anodes for High-Capacity Li-lon Batteries. Chem. Eng. J. 2021, 405, 126963. [CrossRef]
Yu, L.; Liu, J.; Xu, X,; Zhang, L.; Hu, R;; Liu, J.; Yang, L.; Zhu, M. Metal-Organic Framework-Derived NiSb Alloy Embedded in
Carbon Hollow Spheres as Superior Lithium-Ion Battery Anodes. ACS Appl. Mater. Interfaces 2017, 9, 2516-2525. [CrossRef]
Wang, L.; Zhu, L.; Zhang, W.; Ding, G.; Yang, G.; Xie, L.; Cao, X. Revealing the Unique Process of Alloying Reaction in Ni-Co-Sb/C
Nanosphere Anode for High-Performance Lithium Storage. . Colloid Interface Sci. 2021, 586, 730-740. [CrossRef] [PubMed]
Yoon, T.; Bok, T.; Kim, C.; Na, Y.; Park, S.; Kim, K.S. Mesoporous Silicon Hollow Nanocubes Derived from Metal-Organic
Framework Template for Advanced Lithium-Ion Battery Anode. ACS Nano 2017, 11, 4808-4815. [CrossRef] [PubMed]

Sun, Y.; Huang, F; Li, S.; Shen, Y.; Xie, A. Novel Porous Starfish-like Co3O4@nitrogen-Doped Carbon as an Advanced Anode for
Lithium-Ion Batteries. Nano Res. 2017, 10, 3457-3467. [CrossRef]

Han, Y,; Li, J.; Zhang, T,; Qi, P; Li, S.; Gao, X.; Zhou, J.; Feng, X.; Wang, B. Zinc/Nickel-Doped Hollow Core-Shell Co30;4
Derived from a Metal-Organic Framework with High Capacity, Stability, and Rate Performance in Lithium/Sodium-Ion Batteries.
Chem.—Eur. ]. 2018, 24, 1651-1656. [CrossRef] [PubMed]


http://doi.org/10.1002/aenm.201801010
http://doi.org/10.1007/s12274-021-3950-6
http://doi.org/10.1021/jacs.7b02648
http://www.ncbi.nlm.nih.gov/pubmed/28316238
http://doi.org/10.1039/C6TA07606H
http://doi.org/10.1038/srep08225
http://doi.org/10.1016/j.jpowsour.2006.01.015
http://doi.org/10.1039/C4TA06914E
http://doi.org/10.1039/c3ta12621h
http://doi.org/10.1021/ja311550t
http://doi.org/10.1039/C4CC02691H
http://www.ncbi.nlm.nih.gov/pubmed/24926484
http://doi.org/10.1002/anie.200454250
http://www.ncbi.nlm.nih.gov/pubmed/15372643
http://doi.org/10.1002/smll.201303520
http://doi.org/10.1039/C6TA05925B
http://doi.org/10.1016/j.nanoen.2017.02.009
http://doi.org/10.1016/j.electacta.2017.03.105
http://doi.org/10.1021/acsaem.9b00688
http://doi.org/10.1002/cssc.201902194
http://doi.org/10.1021/acsami.0c14510
http://doi.org/10.1016/j.jcis.2020.08.044
http://doi.org/10.1002/celc.201900235
http://doi.org/10.1016/j.cej.2020.126963
http://doi.org/10.1021/acsami.6b14233
http://doi.org/10.1016/j.jcis.2020.10.142
http://www.ncbi.nlm.nih.gov/pubmed/33198986
http://doi.org/10.1021/acsnano.7b01185
http://www.ncbi.nlm.nih.gov/pubmed/28467837
http://doi.org/10.1007/s12274-017-1557-8
http://doi.org/10.1002/chem.201704416
http://www.ncbi.nlm.nih.gov/pubmed/29168912

Materials 2023, 16, 177 25 of 25

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Fei, B.; Chen, C.; Hu, C; Cai, D.; Wang, Q.; Zhan, H. Engineering One-Dimensional Bunched Ni-MoO,@Co-CoO-NC Composite
for Enhanced Lithium and Sodium Storage Performance. ACS Appl. Energy Mater. 2020, 3, 9018-9027. [CrossRef]

Ye, H,; Jiang, F; Li, H.; Xu, Z,; Yin, J.; Zhu, H. Facile Synthesis of Conjugated Polymeric Schiff Base as Negative Electrodes for
Lithium Ion Batteries. Electrochim. Acta 2017, 253, 319-323. [CrossRef]

Man, Z.; Li, P; Zhou, D.; Zang, R.; Wang, S.; Li, P; Liu, S; Li, X.; Wu, Y,; Liang, X,; et al. High-Performance Lithium—Organic
Batteries by Achieving 16 Lithium Storage in Poly(Imine-Anthraquinone). J. Mater. Chem. A Mater. 2019, 7, 2368-2375. [CrossRef]
Poizot, P; Yao, Y.; Chen, J.; Schubert, U.S. Preface to the Special Issue of ChemSusChem on Organic Batteries. ChemSusChem 2020,
13,2107-2109. [CrossRef] [PubMed]

Zhang, Y.; Niu, Y.; Wang, M.Q,; Yang, J.; Lu, S.; Han, J.; Bao, S.J.; Xu, M. Exploration of a Calcium-Organic Framework as an
Anode Material for Sodium-Ion Batteries. Chem. Commun. 2016, 52, 9969-9971. [CrossRef]

Zhang, K.; Guo, C,; Zhao, Q.; Niu, Z.; Chen, J.; Zhang, K.; Guo, C.; Zhao, Q.; Niu, Z.; Chen, ]. High-Performance Organic Lithium
Batteries with an Ether-Based Electrolyte and 9,10-Anthraquinone (AQ)/CMK-3 Cathode. Adv. Sci. 2015, 2, 1500018. [CrossRef] [PubMed]
Wang, S.; Wang, L.; Zhang, K.; Zhu, Z.; Tao, Z.; Chen, J. Organic LiyCgH,Og Nanosheets for Lithium-Ion Batteries. Nano Lett.
2013, 13, 4404-4409. [CrossRef] [PubMed]

Li, L.; Yin, Y.-J.; Hei, J.-P.; Wan, X.-J; Li, M.-L.; Cui, Y. Molecular Engineering of Aromatic Imides for Organic Secondary Batteries.
Small 2021, 17, 2005752. [CrossRef]

Liu, H.,; Cheng, X.B.; Huang, ].Q.; Kaskel, S.; Chou, S.; Park, H.S.; Zhang, Q. Alloy Anodes for Rechargeable Alkali-Metal Batteries:
Progress and Challenge. ACS Mater. Lett. 2019, 1, 217-229. [CrossRef]

Xie, ].; Zhang, Q.; Xie, J.; Zhang, Q. Recent Progress in Multivalent Metal (Mg, Zn, Ca, and Al) and Metal-Ion Rechargeable
Batteries with Organic Materials as Promising Electrodes. Small 2019, 15, 1805061. [CrossRef]

Lee, M.; Hong, J.; Kim, H.; Lim, H.D.; Cho, S.B.; Kang, K.; Park, C.B. Organic Nanohybrids for Fast and Sustainable Energy
Storage. Adv. Mater. 2014, 26, 2558-2565. [CrossRef]

Hu, P; Wang, H.; Yang, Y;; Yang, ].; Lin, J.; Guo, L. Renewable-Biomolecule-Based Full Lithium-Ion Batteries. Adv. Mater. 2016, 28,
3486-3492. [CrossRef]

Zhao, Q.; Zhu, Z.; Chen, ]. Molecular Engineering with Organic Carbonyl Electrode Materials for Advanced Stationary and Redox
Flow Rechargeable Batteries. Adv. Mater. 2017, 29, 1607007. [CrossRef]

Chen, H.; Armand, M.; Demailly, G.; Dolhem, E.; Poizot, P.; Tarascon, ].M. From Biomass to a Renewable LixCzO4 Organic
Electrode for Sustainable Li-Ion Batteries. ChemSusChem 2008, 1, 348-355. [CrossRef] [PubMed]

Chen, H.; Armand, M.; Courty, M.; Jiang, M.; Grey, C.P,; Dolhem, F; Tarascon, ].M.; Poizot, P. Lithium Salt of Tetrahydroxybenzoquinone:
Toward the Development of a Sustainable Li-Ion Battery. J. Am. Chem. Soc. 2009, 131, 8984-8988. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/acsaem.0c01431
http://doi.org/10.1016/j.electacta.2017.09.062
http://doi.org/10.1039/C8TA11230D
http://doi.org/10.1002/cssc.202001022
http://www.ncbi.nlm.nih.gov/pubmed/32347656
http://doi.org/10.1039/C6CC05365C
http://doi.org/10.1002/advs.201500018
http://www.ncbi.nlm.nih.gov/pubmed/27980937
http://doi.org/10.1021/nl402239p
http://www.ncbi.nlm.nih.gov/pubmed/23978244
http://doi.org/10.1002/smll.202005752
http://doi.org/10.1021/acsmaterialslett.9b00118
http://doi.org/10.1002/smll.201805061
http://doi.org/10.1002/adma.201305005
http://doi.org/10.1002/adma.201505917
http://doi.org/10.1002/adma.201607007
http://doi.org/10.1002/cssc.200700161
http://www.ncbi.nlm.nih.gov/pubmed/18605101
http://doi.org/10.1021/ja9024897
http://www.ncbi.nlm.nih.gov/pubmed/19476355

	Introduction 
	Fundamentals of Organic Anode Materials 
	Basic Components of an Electrochemical Cell 
	Mechanism of Charge Storage in Lithium-Ion Batteries and Working Principles of Organic Anode Materials 
	Types of Organic Anode Materials and Their Advantages 
	Advantages of Organic Anode Materials 

	Organic Anode Materials Based on Organic Carbonyl Compounds 
	Organic Anode Materials Based on Covalent Organic Frameworks (COFs) 
	Metal-Organic Framework-Based Anode Materials for LIBs and Their Practical Applications in Lithium-Ion Full Cells with Different Cathode Materials 
	Organic Compounds with Nitrogen-Containing Groups as Anode Active Material for LIBs 
	Conclusions, Challenges, and Outlooks on Further Developments of Organic Anode Materials for LIBs 
	Challenges and Strategies for Enhancing the Electrochemical Performance of Organic Anode Materials for LIBs 
	Outlooks on Further Developments of Organic Anode Materials for LIBs 

	References

