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The organic compounds with nitrogen-
containing groups (OCNs) have gained 
increasing attention as next-generation 
energy storage materials. This timely  
review summarizes the recent advances 
in this fast-growing field, with particular 
focuses on the electrochemical reaction 
mechanism and kinetics of the active 
OCNs (sites) and structure-property 
relationships. New strategies are pro-
posed further to improve their insolu-
bility, conductivity, and electrochemical 
performance. Q3
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Electrochemical Activity of Nitrogen-Containing Groups 
in Organic Electrode Materials and Related Improvement 
Strategies

Qianchuan Yu, Zhihuan Xue, Meichen Li, Peimeng Qiu, Changgang Li, 
Shengping Wang,* Jingxian Yu,* Hiroki Nara, Jongbeom Na, and Yusuke Yamauchi*Q1

DOI: 10.1002/aenm.202002523

1. Introduction

With the increasing demand for sustain-
able energy and the development of smart 
grids and electric vehicles, rechargeable 
batteries offer excellent performance 
and can be used for further innova-
tion.[1–5] Regarding rechargeable batteries, 
although lithium-ion batteries (LIBs) have 
made great achievements in portable 
devices, such as laptops and smartphones, 
emerging fields of the past 20 years, 
such as artificial intelligence and the 
Internet of Things, strongly rely on smart 
power.[6–11] To reduce costs, sodium-ion 
batteries (NIBs) and potassium-ion bat-
teries (KIBs), which have chemical prop-
erties and charge/discharge mechanisms 
similar to those of LIBs, have also been 
studied extensively.[12–14] However, the 
further development of rechargeable bat-
teries has been restricted, since inorganic 
transition metal oxides used as electrode 
materials are limited and not environmen-
tally friendly.[15–18] The solution to these 
problems is to replace transition metal 
oxides with organic materials. Organic 

In recent years, due to their structural diversity, adjustability, versatility, and 
excellent electrochemical properties, organic compounds with nitrogen-
containing groups (OCNs) have become some of the most promising 
organic electrode materials. The nitrogen-containing groups acting as 
electrochemical active sites include carbon–nitrogen groups, nitrogen–
nitrogen groups, nitrogen–oxygen groups in OCNs, and nitrogen-containing 
groups in covalent organic frameworks. The molecular structure regula-
tion of OCNs with nitrogen-containing groups acting as electrochemical 
active centers can suppress dissolution in electrolytes, increase electronic 
conductivity, and improve the kinetics of redox reactions. The kinetics 
behavior and electrochemical characteristics of OCN electrode materials in 
alkali metal rechargeable batteries with organic electrolytes are reviewed, 
and the related relationships between the structure and electrochemical 
properties of OCNs are the core of this paper. Herein, the electrochemical 
reaction mechanisms and the strategies to improve the electrochemical 
activity of nitrogen-containing groups in OCNs are clarified, and the 
conjugate molecular structure of OCNs is an important direction for 
improvement. These results will have implications for research on electrode 
materials and provide more choices for rechargeable batteries. Moreover, 
this work will guide the study of more efficient OCNs that can be used as 
electrode materials.
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electrode materials have the advantages of being lightweight 
and having high specific capacity, low environmental footprints, 
diverse molecular structures, and controllable design. Organic 
electrode materials are regarded as next-generation electrode 
materials with great application prospects.[8,19–22] Among the 
various organic materials, there are six types of materials that 
have been studied and determined to have application poten-
tial: conductive polymers,[23] organic sulfides,[24] organic radi-
cals,[25] carbonyl compounds,[26] imine compounds, and azo 
compounds.[26–31]

In recent years, to continue to explore more organic mate-
rials that can be applied to rechargeable electrodes, the ele-
ment N, which has an electronegativity close to that of O, has 
attracted substantial attention. Many articles have been reported 
on the application of organic compounds with nitrogen-con-
taining groups (OCNs) as electrode materials. It can be seen 
that the electrochemical active sites containing the element N 
can play the role of electrochemical reaction centers and offer 
the following advantages. 1) OCNs can provide more Li storage 
sites per unit active site than other materials can. 2) OCNs have 
large insoluble frameworks to store Li+ and simultaneously 
improve the inertness of dissolution. 3) OCNs can provide high 
electronic conductivity due to their high nitrogen content. 4) 
The heteroaromatic N atoms of OCNs can increase the redox 
potential. Moreover, the different mechanisms of metal ion 
insertion and extraction in OCNs have been gradually revealed.

However, the roles of N in these organic molecules are  
different. There are few reports summarizing and comparing 
electrochemical active organic compounds based on N sites. 
Therefore, to study this kind of molecule more deeply and 
systematically, it is necessary to summarize the application 
of these molecules in alkali metal rechargeable batteries with 
organic electrolytes and explore the corresponding laws for the 
application of OCNs.

Here, based on the clues obtained from atoms to molecules 
and from groups to molecules, for the N element, this paper 
reviews the current research status of OCNs as electrodes mate-
rials. The challenges faced by OCNs in alkali metal recharge-
able batteries with organic electrolytes are reviewed, the 
improvement strategies determined by comparing the related 

scientific rules of nitrogen-containing groups and structures are 
proposed, and the direction of the research and development of 
OCNs in alkali metal rechargeable batteries with organic elec-
trolytes are pointed out. In addition, the electrochemical con-
tribution and kinetic behavior of the nitrogen atoms in active 
centers are also summarized.

2. Classification of OCNs

According to the second row in the periodic table, the electron-
egativity of N is between that of C and O. Combining the three 
elements of C, N, and O two by two (Table  1), the molecular 
structures with electrochemical activities can be listed. It is 
found that there are corresponding organic molecules con-
taining each structure. Organic molecules containing CC and 
CC have an extremely high capacity density when they are 
superlithiated.[27,32,33] The combination of oxygen and oxygen is 
O2. CO in organic carbonyl compounds is considered to be 
an electrochemical active structure with great application pros-
pects and has been significantly studied.[34] The element N with 
an electronegativity close to that of O also has an electrochem-
ical activity and exists in the electrochemical active centers of 
OCN molecules to undergo redox reactions. This is the subject 
of this article.

OCNs are defined as electrochemical active organic mole-
cules containing the element N in their active centers. The pro-
cess of the insertion and extraction of metal ions takes place in 
the active sites containing N in OCNs during charge and dis-
charge. Some co-coordination of the N and O in CO to metal 
ions is beyond the scope of this paper, because N is not in the 
electrochemical active center and plays an auxiliary role. In this 
work, we reviewed the OCNs that have been applied to alka-
line metal ion batteries in recent years. According to the dif-
ferent active nitrogen-containing structural elements, based on 
carbon–nitrogen groups (CN and CN), nitrogen–nitrogen 
groups (NN) and nitrogen–oxygen groups (nitroxyl radicals 
and nitro groups) and covalent organic frameworks (COFs) in 
OCNs based on nitrogen-containing groups, OCNs are divided 
into four categories (Figure 1).

Q4

Table 1. Electrochemical active molecular structures composed of C, N, and O.

C N O

C

N

O O2

Adv. Energy Mater. 2020, 2002523
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3. Electrochemical Characteristics of OCNs

3.1. OCNs Based on Carbon–Nitrogen Groups

3.1.1. OCNs Based on CN

There are many organic molecules containing the electro-
chemical active group CN. According to the position of CN 
in the organic molecular skeleton, these organic molecules can 
be divided into Schiff bases and other organic molecules with 
CN as the active center. The electrochemical activity of CN 
in the chain or heteroaromatic structure is quite different.

Schiff Bases: Schiff bases (Figure  2) containing Schiff func-
tional groups (R1HCNR2) are usually obtained by the conden-
sation reaction of carbonyl-containing aldehydes, ketones, and 
amines.[35] Generally, the CN groups exist in the chain struc-
ture of the Schiff base compounds.

Not all CN groups in Schiff bases have obvious 
electrochemical activities since the electrochemical activity is 
related to the planarity and conjugation of the molecules. The 
reported redox centers include two Schiff functional groups 

attached to the benzene ring NCHArHCN (Ar indi-
cates a benzene ring). These cyclic coplanar units follow the 
Hückel rule of aromaticity and contain (4n  + 2) π electrons  
(n = 1, 2…).[13,36] Similarly, the carboxylate group and CN in the 
end group OOCArCN that has 10 π-conjugated electrons  
are electrochemical active. DFT calculations indicate that the 
abovementioned two repeating units provide storage locations 
for Na+. One active Hückel group is capable of inserting two 
sodium ions, corresponding to two single-electron reactions 
(Figure 3a).[37] The first electron forms a radical anion in equi-
librium between the azo group and carbo radical (involving 
dimerization), and the second electron yields the dianion.[36]

The isomerization phenomenon will weaken the planarity 
of Schiff base molecules. The electrochemical activities of 
CHNArNCH- and −OOCArNC are lower 
than those of their isomers NCHArCHN and end 
groups −OOCArCN. The reason for this may be that 
when the benzene ring is coplanar with the rest of the mole-
cules in this unit, the strong electron interaction between the 
unpaired electrons of N and the π electron cloud of the adja-
cent aromatic ring leads to the loss of the planarity.[13,35,36] The 
compound with isomer (No. 1) shows the smallest reversible 
capacity due to its low activity. No. 2 and No. 3 with end 
groups −OOCArCN have a higher reversible capacity 
than No. 4 and No. 5 with isomeric units and the same length 
(Figure  3b). The electrochemical activity of No. 4 and No. 5 
originates from the active center NCHArCHN in 
the middle of the molecules where Na+ inserts. ArCHN, 
with higher planarity than ArNCH, is more conducive to 
Na+ insertion.[36]

Aromatic rings can enhance the planarity of Schiff base 
molecules. The benzene rings between the Hückel active 
groups provide high planarity, and the ππ interaction between 
benzene rings further improves the crystallinity, making it 
easier to maintain planarity in aromatic-linked Schiff bases.[35] 
For example, the compounds without benzene rings in the 
middle (No. 6 and No. 7) have a lower capacity than No. 2. 

Figure 1. Electrochemical active OCNs.

Figure 2. Schiff bases of OCNs (No. 1–22).Q5
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Similarly, the stable capacity of No. 10 is ≈180 mAh g−1, which 
remains almost unchanged after 6 cycles, while No. 8 has a 
capacity loss of 60% (Figure 3c,d).

Aliphatic hydrocarbon groups reduce the planarity of Schiff 
base molecules. According to their position, aliphatic hydro-
carbon groups are divided into the aliphatic hydrocarbon 
structure between the Hückel active groups and the aliphatic 
hydrocarbon substituent on the benzene ring in the Hückel 
active groups. The very long aliphatic chains between the 
Hückel active groups will reduce π stacking inside the molecule 
so that the planarity weakens, and the capacity fades rapidly.[35] 
For example, No. 9 with more middle methylene groups has 
a greater capacity decay than No. 8 (Figure  3e). The insertion 
of the inactive PEO unit in the middle block (Nos. 14–19) will 
reduce the planarity, resulting in low capacity, but the extended 
π spacing is beneficial to the insertion of sodium, increasing 

the reduction voltage (Figure 3f).[38] The aliphatic hydrocarbon 
substituents on the benzene ring in the Hückel active groups 
will also reduce the planarity and crystallinity of the molecule, 
resulting in capacity reduction.[35] The difference between the 
capacity of No. 10 and the capacity of No. 11 and No. 12 with 
two substituents stems from the slight change in the capacity 
caused by the increase in mass, while No. 13 with four substit-
uent groups undergoes obvious capacity decay due to its low 
planarity.

To further increase the capacity of the Schiff bases, some 
Schiff base polymers that combine other active groups or extend 
the conjugated structure were prepared. A polymeric Schiff 
base with anthraquinone as a linker that has two active units 
of CN and CO (No. 20, Figure 2) was prepared and showed 
a considerable performance without sacrificing capacity.[40] 
A highly conjugated poly(imine-anthraquinone) structure 

Figure 3. a) Electrochemical active centers in the Schiff bases. b) Cycle performance for oligomers No. 1–5 (O1Na-O5Na)[36] (Reproduced with permis-
sion.[36] Copyright 2015, Royal Society of Chemistry). Galvanostatic voltage profiles versus the number of sodium ions and electrons inserted, and the 
capacity versus cycle number during the first reduction and oxidation cycle of c) No. 8 and d) No. 10. e) Voltage versus specific capacity for the first 
galvanostatic reduction and oxidation cycle of No. 8 (P1), No. 9 (P2), and inverse No. 9 (inverse P2)[35] (Reproduced with permission.[35] Copyright 2014, 
Wiley-VCH). f) δQ/δV versus voltage curves corresponding to the second cycle of No. 14–17 and No. 10 (P1–P4 and PSb)[38] (Reproduced with permis-
sion.[38] Copyright 2018, Wiley-VCH). g) Predicted mechanism of a reversible six-step Li+ insertion/extraction reaction with No. 21. h) Cycle performance 
at a current density of 1 A g−1 of No. 21[39] (Reproduced with permission.[39] Copyright 2019, Royal Society of Chemistry).

Adv. Energy Mater. 2020, 2002523
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(No. 21, Figure  2) was prepared using a similar strategy, and 
the process of its superlithiation was studied (Figure 3g). The 
resulting poly(imine-anthraquinone) structure has a very high 
specific capacity and good cycle stability (Figure 3h).[39] A hyper-
branched Schiff base polymer with a large conjugated structure 
was synthesized (No. 22, Figure 2). Due to the high degree of 
π-conjugation, this hyperbranched Schiff base polymer exhibits 
excellent electrochemical reversibility and lithium storage 
stability.[41]

OCNs based on CN in Heteroaromatic Molecules: In addition 
to Schiff bases, there are riboflavin and its analogs, pteridine 
derivatives, phenazine, and its derivatives and other heteroar-
omatic molecules. This type of CN exists in heteroaromatic 
active organic molecules.

Inspired by the proton-coupled electron transfer reaction 
of flavin molecules in nature, bionic electrode materials were 
applied in the batteries.[42] Each molecular unit of riboflavin 
(also called vitamin B2) and its analogs (No. 23–26, Figure  4) 
is capable of inserting two Li+. This reaction mainly occurs on 
the N atoms of isoximidine and tetraoximidine (Figure 5a), and 
the O atom in the carbonyl group also assists the reaction.[43] 

The redox potentials of No. 24 and No. 25 obtained by the sub-
stitution of Br or Cl atoms were increased by 0.09 and 0.14 V, 
respectively. No. 26 is fixed on the highly conductive single-
walled carbon nanotubes (SWCNTs) through ππ interactions, 
thereby greatly improving the rate and cycle performance.[44] 
Reversible tautomerization occurs when Li+ inserts in the pteri-
dine derivatives.[45] In NIBs, the initial capacities provided by 
lumichrome (LC, No. 27), alloxazine (ALX, No. 28), and luma-
zine (LMZ, No. 29) are 138, 168, and 70 mAh g−1, respectively. 
After compounding with CNTs, the capacities achieved by 
LC, ALX, and LMZ increased to 255, 225, and 220 mAh g−1, 
respectively.

Phenazine (No. 30) and its aminated derivatives (DAP, 
No.  31) were applied in LIBs.[46] Due to the presence of the 
amino group, DAP’s dissolution in an organic electrolyte is 
suppressed, thus achieving good cycle reversibility and high 
rate performance. Because the CN bond has a rich electron 
density, lithium atoms tend to adsorb to the N atom in the 
CN bond. During the charge and discharge process of the 
DAP electrode, only the conjugated CN bond participates 
in the redox reaction in the lithium insertion and extraction 

Figure 4. The first row is riboflavin and its derivatives, the second row is pteridine derivatives, the third row is phenazine and its derivatives, the fourth 
row is nitrogen-containing heteroaromatic molecules, the fifth row is nitrile molecules, and the sixth row is other OCNs based on CN in heteroaro-
matic molecules (No. 23–42).

Adv. Energy Mater. 2020, 2002523
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process (Figure  5b) and can achieve reversible fracture and 
generation.

Heteroaromatic molecules designed by molecular engi-
neering strategies also have good electrochemical activity. 
4,5-Diaza-9,10-phenanthrenequinone (No. 32, Figure  4) was 
used as the cathode active material of LIBs.[49] No. 32 has large 
coordination energy, and the chelation of NN0 has a stable 
effect on Lithium ion. The quinoxaline derivatives diquinoxali-
nylene (2Q, No. 33, Figure 4) and triquinoxalinylene (3Q, No. 34,  
Figure  4) were applied as the cathodes of LIBs and were pre-
pared through the condensation of cyclic carbonyl molecules 
with o-phenylenediamine (Figure  5c).[47] The N atoms in 
3Q are capable of forming bidentate sites for lithium ions to 
gradually insert 6 lithium ions (Figure 5d), in which 5 N reso-
nance states form. The 3Q DFT simulation is consistent with 
the discharge curve, forming two platforms in the range of 

2.6–2.15 V and 1.68–1.38 V (Figure 5e). 2Q and 3Q have good 
intrinsic conductivity because of their low energy gaps, and the 
extended π conjugation makes the charge exchange between 
molecules and lithium ions easier, resulting in an excellent rate 
performance.[47]

3.1.2. OCNs Based on CN

In OCNs based on carbon–nitrogen groups, in addition to 
molecules based on CN, the molecules based on CN are 
also applied to LIBs and NIBs. In 1990, a Na/βʹʹ-alumina/TCNE 
half-cell operating at 230 °C was reported.[50] According to FTIR 
spectra, CN and CC are electrochemical active sites.[13] After 
that, DFT calculations showed that 4 Li+/Na+, 5  Li+/Na+, and 
2.5/2 Li+/Na+ can be inserted in tetracyanoethylene (TCNE, 

Figure 5. a) Different redox states of flavin molecules with indications of redox-active parts upon electron uptake[43] (Reproduced with permission.[43] 
Copyright 2013, Wiley-VCH). b) Lithiation and binding energies of No. 30 and No. 31 with lithium atoms[46] (Reproduced with permission.[46] Copyright 
2017, Royal Society of Chemistry). c) Synthetic scheme of No. 33 and No. 34. d) The predicted lithiated structures of 3Q during the discharging process. 
e) The discharge curve is marked by the blue line, and the shaded and colored areas indicate the evolution of various lithiated 3Q structures[47] (Repro-
duced with permission.[47] Copyright 2017, Springer Nature). f) The proposed electrochemical mechanism for No. 37 and No. 38 in Li-ion batteries[48] 
(Reproduced with permission.[48] Copyright 2017, Elsevier).
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No. 35), TCNE adsorbed on graphene and the covalent crystal 
TCNE, respectively.[51,52] The surface science experiments were 
used to study Li+/Na+ insertion in tetracyanoquinodimethane 
(TCNQ, No. 36) and its effect on the electronic structure, 
showing that TCNQ is capable of inserting two Li+/Na+.[53,54] 
TCNQ was applied as the cathode of a quasi-solid electrolyte 
battery.[55] The discharge capacity reached 215.8 mAh g−1 for the 
first cycle at 0.2 C and maintained ≈170 mAh g−1 after 100 cycles. 
1,4-Dicyanobenzene (No. 37) and 9,10-dicyanoanthracene (DCA, 
No. 38) based on CN were applied as the anode materials 
in LIBs.[48] One CN is capable of inserting one Li+ to form 
CNLi (Figure 5f). Due to the large aromatic π-conjugated 
skeleton, DCA exhibits good electrochemical stability and a low 
lowest unoccupied molecular orbital (LUMO) level, which is 
conducive to withdrawing electrons and achieving high elec-
tronic conductivity. Moreover, the long DCA framework leads 
to a strong CN induction effect and electron-withdrawing 
ability, showing a high redox potential.[56] Recently, studies have 
shown that the CN groups at the first and second positions of 
the aromatic ring are co-coordinated with Li+.[57] These studies 
may indicate that the charging and discharging mechanisms of 
OCNs based on CN will be different due to the relative posi-
tions of CN. Therefore, specific molecules need to be dis-
cussed in detail.

3.1.3. Summaries

This section reviews OCNs based on carbon–nitrogen groups 
(CN, CN) reported in recent years. CN can extend the 
molecular skeleton and increase the inertness of dissolu-
tion while inserting metal ions as dual/multifunctional sites. 
Although the electrochemical activity of CN, which is com-
posed of C and N with a lower electronegativity than that of 
O, is relatively low, there are still two strategies for enhancing 
the electrochemical activity of CN. 1) In the chain structure, 
the electrochemical activity of CN can be enhanced by sat-
isfying the active structure or rule (the Hückel rule). 2) In a 
heteroaromatic molecule, the electrochemical activity of CN 
can be enhanced through the extension of the conjugated 
structure. Since CN is an end group, the structural adjust-
ability of organic molecules based on CN is lower than that 
based on CN. At present, there are few nitrile molecules 
applied in rechargeable batteries that are still worthy of fur-
ther research. However, the OCNs based on carbon–nitrogen 
groups still face the problem of a low theoretical capacity 
density (Ctheoretical), and the energy density needs to be further 
improved.

From the current research, the development of OCNs based 
on carbon–nitrogen groups offers the following directions. 
1)  Combining OCNs with other active groups through polym-
erization. 2) Studying more molecular configurations based 
on OCNs (such as No. 39–42 and its isomers or derivatives). 
3) Designing new OCNs with molecular engineering strate-
gies. 4) Studying organic macromolecules based on the active 
structures in Figure 4, such as polymers. 5) Further improving 
the electronic conductivity to reduce the content of conductive 
additives, for example, increasing the N content and doping 
iodine.[58]

3.2. OCNs Based on Nitrogen–Nitrogen Groups

3.2.1. Azo Compounds

Azo compounds are formed by connecting an azo group 
NN with two hydrocarbon groups. The general formula of 
azo compounds is RNNRʹ. Azo compounds are a new type 
of electrochemical active organic material and can be divided 
into aromatic azo compounds and aliphatic azo compounds 
(Figure 6).

Aromatic Azo Compounds: Aromatic azo compounds have a 
π-conjugated structure with an azo group that connects two ben-
zene rings to extend the conjugated structure. Since the electron-
withdrawing effect of N and the unshared p-electron pair cause 
delocalization of the benzene ring by the conjugation effect, 
the electron cloud density of the benzene ring increased, and 
the insertion of Li+ was promoted.[59] Taking No. 46 as an example 
(Figure 7a), the XRD patterns and Raman spectra (Figure  7b,c) 
show that when discharging from 3 to 1 V, NN can be reduced 
to LiNNLi as two Li+ are inserted, and LiNNLi returns 
to NN after charging from 1 to 3 V as two Li+ are extracted.

In the same battery systems, the addition of carboxylate 
groups to electrochemical active organic molecules can effec-
tively increase the polarity of the organic molecules, thereby 
reducing the solubility in an organic electrolyte and inhibiting 
the shuttle effect.[61,62] The electrochemical performances of aro-
matic azo compounds in LIBs and NIBs were studied according 
to this strategy.[28–30] The dissolution of aromatic azo compounds 
in organic electrolytes is inhibited because of the addition of car-
boxylate groups, and the inhibitory action and the improvement 
in the electrochemical performance can be superimposed. In 
LIBs, the electrochemical performances of azobenzene (AZOB, 
No. 43), 4-(phenylazo)benzoic acid lithium salt (PBALS, No. 44), 
methyl red sodium salt (No. 45), and azobenzene-4,4ʹ-dicarboxylic 
acid lithium salt (ADALS, No. 46) show an increasing trend. The 
initial capacity of ADALS at 0.5 C is 190 mAh g−1, and the revers-
ible capacity maintained after 100 cycles is 175 mAh g−1, with a 
fairly small decrease after 2000 cycles (Figure 7d,e). The rules are 
the same in NIBs: azobenzene-4,4ʹ-dicarboxylic acid sodium salt 
(ADASS, No. 48) has better cycle stability and higher reversible 
capacity than AZOB and 4-(phenylazo)benzoic acid sodium salt 
(PBASS, No. 47) (Figure 7f,g).

Azo compounds with similar molecular skeletons have dif-
ferent charge and discharge potentials in different batteries. 
The charge/discharge potential of AZOB in LIBs is higher than 
that in NIBs. PBALS (in LIBs) and PBASS (in NIBs) with sim-
ilar molecular skeletons are the same as AZOB. The charge/
discharge potential of aromatic azo compounds with two car-
boxylate groups follows the order of ADALS > Azobenzene-4,4ʹ-
dicarboxylic acid potassium salts (ADAPTS, No. 49, Figure  6) 
> ADASS. The reason for this trend is that K/K+ has a redox 
potential of −2.93 V, which is close to the redox potential of Li/Li+ 
(−3.04 V vs. standard hydrogen electrode) and is 200 mV lower 
than the redox potential of Na/Na+ (−2.71 V), resulting in KIBs 
having a higher voltage and energy than NIBs in principle.[14,63,64]

The NN group plays a central role in the electrochemical 
performance of aromatic azo compounds. 1) NN not only 
provides electrochemical activity for aromatic azo compounds 
but also manifests a larger amount of Li+/Na+/K+ inserted per 

Adv. Energy Mater. 2020, 2002523



U
NCORR

EC
TE

D P
RO

OF

1
2
3
4
5
6
7
8
9
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
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

1
2
3
4
5
6
7
8
9
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
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

www.advenergymat.de

© 2020 Wiley-VCH GmbH2002523 (8 of 25)

www.advancedsciencenews.com

active unit.[28–31] 2) Compared to CO, whose dipole moment 
formed because the electronegativity of C is less than that of O, 
resulting in the electrons of C being biased toward O,[60] NN 
is more stable because the two N atoms have the same elec-
tronegativity. Whether in LIBs, NIBs, or KIBs, the discharge 
platform of azo compounds is almost always in the range of 
1.0–2.0 V. In addition, in an all-solid electrolyte battery, the 
charge transfer between PBALS and a Li3PS4 (LPS) SSE hardly 
affects the activity of NN, and the specific capacity is main-
tained (Figure 7h,i).[60] 3) The two N atoms in NN are easily 
conjugated with the adjacent aromatic ring, making the azo 
bond conductive. From the DFT calculation, the lithium carbox-
ylate group also improves the intrinsic electronic conductivity 
of aromatic azo compounds (Figure 7j).[28] The collective effect 
of NN conductivity and carboxylate groups confers ADALS, 
ADASS, and ADAPTS with good rate performance in LIBs, 
NIBs, and KIBs, respectively. The reasons why aromatic azo 
compounds have a fast charge/discharge capability and rela-
tively long cycle life are the extension of the π-conjugated struc-
ture and the strong attraction of azo groups to metal ions.[28]

Aliphatic Azo Compounds: 2,20-Azobis(2-methylpropionitrile) 
(AIBN, No. 56), 2,20-azobis(2-methylpropionamidine) 

dihydrochloride (AIBA, No. 57) and azodicarbonamide (CONH, 
No. 58), which contain NN as the active center and CN and 
CO, were applied in rechargeable batteries.[65] These three 
aliphatic azo compounds have high theoretical capacities, and 
AIBN (326.4 mAh g−1), AIBA (593.4 mAh g−1), and CONH 
(923.5 mAh g−1) do not contain a benzene ring. The discharge 
capacity of AIBN in KIBs is much higher than that in LIBs and 
NIBs. There are two NN and CN active sites in AIBA, in which 
the performance is moderate during the 500 cycles in the LIBs. 
Because the structure of AIBA is more stable after the transfor-
mation, the Li insertion space increases, and the capacity steadily 
increases. When CONH is applied as an anode in NIBs, NN and 
CO are both active sites for Na+ extraction. The good capacity 
retention of CONH is attributed to its stable crystal structure, and 
CONH minimally interferes with Na+ due to its large radius.

3.2.2. Summaries

Here, OCNs based on nitrogen–nitrogen groups are sum-
marized, and these OCNs are mainly small molecule azo 
compounds. Azo compounds are a new type of electrochemical 

Figure 6. Aromatic azo compounds (No. 43–58).
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active material. Azo groups have the advantage of providing 
many Li storage sites per unit active site. High solubility and 
poor long cycle stability are the main problems of small azo 
molecules. The strategy of enhancing the polarity can effec-
tively inhibit the solubility of small azo molecules and improve 
the electrochemical performance. The application of other per-
formance improvement strategies in azo compounds neces-
sitates further study. Small azo molecules that can be used as 
organic electrodes in alkali metal rechargeable batteries should 
have two characteristics. 1) They should have groups that can 
increase the inertness of dissolution (COOH, OH, NH2, 
etc.) and can even be further made into salts (including Li salt, 
Na salt, and K salt). 2) The azo group should be directly con-
nected to the benzene ring. According to numerous reports, 
the presence of benzene rings in organic molecules plays an 
active role overall. When the active site is directly connected to 
the benzene ring, the large π-conjugated system is conducive 
to intermolecular charge transfer due to the extended conju-
gated structure.[22] The large aromatic π-conjugated skeleton 
makes organic molecules have a low LUMO, which is condu-
cive to electron withdrawal, and high electronic conductivity.[48] 
The addition of a benzene ring can improve the planarity and 
crystallinity of the molecule, making the insertion of metal ions 
easier.[13,36] Based on this, some promising azobenzene small 
molecules (No. 50–55) can be speculated from the structure to 
explore the roles of NH2 and OH and their influences on 
the performances of aromatic azo compounds under coaction 
with COOH. The other two directions are researching long-
chain aromatic azo compounds and compounding them with 
insoluble conductive substrates.

3.3. OCNs Based on Nitrogen–Oxygen Groups

OCNs based on nitrogen–oxygen groups mainly include 
nitroxyl radicals and other molecules containing nitrogen–
oxygen active groups (Figure 8).

3.3.1. Nitroxyl Radicals

Nitroxyl radicals contain unpaired electrons that are moder-
ately delocalized at the center of NO, resulting in the partial 
π bonds of NO bonds.[66] In 2002, the organic radicals were 
used as electrode materials in LIBs for the first time.[25] In alkali 
metal ion batteries, such OCNs are composed of polymers with 
pendant stable organic radicals, most of which are reported to 
be nitroxyl radicals based on nitro groups.[27,67] Nitroxyl radicals 
are relatively stable in the redox process, with little structural 
change.[68] Therefore, nitroxyl radicals usually exhibit rapid 
reaction kinetics and low voltage polarization.[27]

Nitroxyl Radicals Based on (2,2,6,6-Tetramethyl-1-Piperidinyl)Oxyl:  
Nitroxyl radical polymers based on the redox center (2,2,6,6-tetra-
methyl-1-piperidinyl)oxyl (TEMPO) are the most attractive of 
the nitroxyl radicals.[68] The electron transfer process of such 
radicals includes two steps: the first step is the heterogeneous 
electron transfer of the current collector to the radical compo-
nent, and the second step is the homogeneous charge transfer 
between the radical parts.[67–69] The redox reaction is a one by 
one two-electron reaction process, corresponding to the redox 
reactions between the TEMPO radical and ammonium anion 
(n-type doped state) in the range of 2.5–3.0 V and between the 

Figure 7. a) Reaction mechanism of ADALS. b) XRD patterns of ADALS electrodes before and after five cycles. c) Raman spectra of ADALS electrodes 
before and after five cycles. d) The galvanostatic charge/discharge profiles of ADALS at 2 C. e) Delithiation capacity and Coulombic efficiency versus 
cycle number at a current density of 0.5 C[28] (Reproduced with permission.[28] Copyright 2018, PNAS). f) The galvanostatic charge/discharge profiles of 
ADASS at 0.2 C. g) Desodiation capacity and Coulombic efficiency versus cycle number at a current density of 0.2 C[29] (Reproduced with permis-
sion.[29] Copyright 2018, Wiley-VCH). h) Interaction between PBALS and LPS. i) Delithiation capacity and Coulombic efficiency of PBALS during charge/
discharge cycles performed at 20 mA g−1 in SSE[60] (Reproduced with permission.[60] Copyright 2018, Wiley-VCH). j) DFT calculation results obtained 
for the relative energies and optimized structures of AZOB and ADALS[28] (Reproduced with permission.[28] Copyright 2018, PNAS).
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TEMPO radical and oxoammonium cation (p-type doped state) 
near 3.6 V (Figure 9a).[70,71] The oxidation-reduction potentials of 
different TEMPO radicals change slightly.

One of the most frequently studied nitroxyl radicals is 
poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA, 
No. 59), which undergoes minor structural changes and electron 
rearrangements during the redox process[25,27,73–75] To improve 
the electronic conductivity while suppressing the dissolution 
of PTMA in the organic electrolyte, a positive electrode com-
pounded with graphene was prepared, which has an excellent 
rate performance and a long cycle life[70] The PTMA/CNT-array 
electrodes were used to reduce the charge transfer impedance 
between PTMA and a current collector[76] Similarly, an active 
polymer was encapsulated in carbon nanotubes to form a high-
polymer-content PTMA-impregnated-CNT electrode used as 
a cathode for NIBs[69] The hollow structure of CNTs can wrap 
PTMA and inhibit dissolution. At the same time, many CNTs 
form a stable network structure to provide an effective conduc-
tive path (Figure 9b,c). The filling of PTMA in CNTs was con-
firmed by TEM and other characterization methods (Figure 9d), 
and the content of PTMA in the electrode was analyzed by 
TGA. The batteries based on the PTMA-impregnated-CNT 
electrode have two plateaus at ≈2.51 V and ≈3.51 V and high 
specific capacities close to Ctheoretical (Figure  9e). Furthermore, 
the charge transfer impedance is also significantly lower than 
that of the conventional composite (Figure  9f), as the charge 
transfer impedance of the PTMA-impregnated-CNT electrode 
remains almost unchanged at 217 mAh g−1 after 100 cycles at 
0.5 C. In addition, electrochemical performance tests on PTMA 
with different degrees of polymerization (DPs) show that a 
higher degree of polymerization is conducive to the improve-
ment in the performance of free radical polymers (Figure 9g), 
because PTMA with a low degree of polymerization is more 
soluble in the electrolyte than PTMA with a high DP[72]

The second electrochemical active nitroxyl radical based 
on TEMPO is poly(TEMPO-substituted norbornene) (No. 60), 
which has two TEMPO structures per molecule unit[67,77–79] No. 
60 was applied to all radical polymer batteries[80] After that, 
applied poly(TEMPO-substituted norbornene) was applied as a 
cathode in NIBs[81] The maximum initial discharge capacity of 
the battery at a current density of 50 mA g−1 is 75 mAh g−1, and 
the discharge capacity retention rate after 50 cycles is 64.5%.

Other nitroxyl radicals based on the TEMPO structure have 
also been studied. The cathode of cross-linked poly(2,2,6,6-
tetramethylpiperidinyl-N-oxyl glycidyl ether) (PTGE, No. 
61) was polymerized with the organic ion conductor PEO 
combined with CNTs, resulting in a discharge capacity of 
93 mAh g−1, which is 90% of the Ctheoretical

[82] The pristine poly(4-
vinyloxy-2,2,6,6-tetramethyl-piperidine-N-oxyl) (PTVE, No. 62) 
material exhibited a low lithium activity due to its poor elec-
tronic conductivity. Benefiting from the electronic conductivity 
and structural stability provided by the 3D network structure 
of graphene, the initial discharge capacity of a PTVE/graphene 
nanocomposite at 1 C can reach 96% of the Ctheoretical, which is 
higher than that of the control group without graphene. This 
nanocomposite can still maintain a capacity of 152 mAh g−1 
after 20 000 cycles performed at a high rate of 100 C[71] In addi-
tion, No. 63, which has a skeleton similar to that of PTMA, has 
been applied to batteries but has not been applied to alkaline 
metal rechargeable batteries in organic electrolytes[83]

Other Nitroxyl Radicals: The application of other nitroxyl 
radicals to increase the capacity in alkali metal rechargeable 
batteries with organic electrolytes has also been reported[67] 
Spiro-bisnitroxide (No. 64) contains another nitroxyl radical 
added to the repeating unit to increase its specific capacity[84] 
However, the lithium battery test shows that only radicals 
based on six-membered rings undergo a reversible redox reac-
tion. The 2,2,5,5-tetramethylpyrrolidin-N-oxyl radical based on 

Figure 8. TEMPO radical polymers, other nitroxyl radicals, and nitro compounds (No. 59–70).
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a five-membered ring and with a mass less than the TEMPO 
radical based on a six-membered ring has a higher theoretical 
ratio capacity than the TEMPO radical. The reduction poten-
tial of No. 65 is ≈3.66 V, which is slightly higher than that 
of PTMA. The discharge capacity at 10 C is ≈80 mAh g−1, 
and the capacity retention rate after 100 cycles is more than 
90%[85] T The reduction potential of No. 66 is ≈3.7 V, the dis-
charge capacity at 10 C is ≈90 mAh g−1, and the capacity reten-
tion after 1000 cycles is more than 80%[66] However, the exper-
imental discharge capacity of the aforementioned free radicals 
is lower than 100 mAh g−1, resulting in the advantage of good 
cycle stability. In addition, the redox reactions of nitrostyrene 
polymers (No. 67 and No. 68) have been studied[86,87] Due to 
the strengthening of conjugation, the nitroxyl radicals are sta-
bilized by the benzene ring, but these nitroxyl radicals have 
not been applied to alkali metal rechargeable batteries with 
organic electrolytes.

3.3.2. Other OCNs Based on Nitrogen–Oxygen Groups

It has been reported that nitro groups are also electrochemical 
active centers[30] By comparing the differences between the 

electrochemical performances of 4-nitrobenzoic acid lithium 
salt (NBALS, No. 69), 4-nitrophenylacetic acid lithium salt 
(No. 70) and BALS, it was indicated that the carboxyl group was 
not involved in the redox reaction, and electrochemical activity 
originates from the nitro group. Moreover, the nitrobenzene 
compounds were irreversibly transformed into amorphous 
azo compounds during the first discharge cycle (Figure  9h), 
which was proven by XPS and XRD characterization methods 
and electrochemical tests (Figure  9i). The reduction potential 
calculated by DFT in this process is very close to the experi-
mental value (Figure 9j). Similar to nitro groups, nitroso groups 
may also have some electrochemical activity, but their stability 
during charging and discharging and changes to other sub-
stances have not yet been determined.

3.3.3. Summaries

OCNs based on nitrogen–oxygen groups are reviewed in this 
section. Among these OCNs, nitroxyl radicals are potential 
electrode materials for alkali metal rechargeable batteries with 
organic electrolytes. Nitroxyl radicals with the TEMPO struc-
ture are still the main object of organic radical research, and 

Figure 9. a) Redox couples of PTMA[70] (Reproduced with permission.[70] Copyright 2012, Royal Society of Chemistry). b) Schematic illustration of the 
PTMA-impregnated CNT structure. c) SEM images of PTMA-impregnated CNT electrodes. d) TEM images of PTMA-impregnated CNTs and EDX line 
scanning of the C atom along the cross-section. e) The galvanostatic charge/discharge profiles at the first, second and fifth cycles of the PTMA-impreg-
nated CNT sodium battery at room temperature. f) Impedance spectra of PTMA-impregnated CNT electrodes[69] (Reproduced with permission.[69] 
Copyright 2016, Royal Society of Chemistry). g) The charge/discharge specific capacity of PTMA with different DPs at the 150th cycle[72] (Reproduced 
with permission.[72] Copyright 2017, Royal Society of Chemistry). h) Reaction mechanism of nitro-based organic materials. i) N 1s XPS spectra of NBALS 
electrodes after 1 cycle. j) The illustration and calculated equilibrium potentials (EDFT vs. Li/Li+) for the reduction of NBALS to an azo compound[30] 
(Reproduced with permission.[30] Copyright 2018, Wiley-VCH).
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PTMA is the mainstream. The nitroxyl group provides elec-
trochemical activity but also its high activity also makes the 
nitroxyl radical have fast reaction kinetics so that the assem-
bled battery has a higher redox voltage. Moreover, the com-
bination of nitroxyl radicals and carbon materials can greatly 
increase the specific capacity and effectively improve the rate 
performance and long cycle stability. This suggests that the 
application of nitroxyl radicals in ORBs has great research 
prospects. However, due to the complicated preparation pro-
cess and molecular structure, nitroxyl radicals contain few 
active sites and have a low specific capacity. At the same time, 
the common problems of the high solubility and low con-
ductivity of organic molecules still restrict the application of 
nitroxyl radicals in alkali metal rechargeable batteries with 
organic electrolytes. In addition, the reported nitro redox reac-
tion is not reversible, and its application potential needs to 
be further tapped. In response to the abovementioned condi-
tions, other OCNs based on nitrogen–oxygen groups need 
to be explored, and more in-depth studies of the researched 
substances are also required. For example, the reaction mecha-
nism of other nitroxyl radicals, the improvement in the con-
ductivity through the composite conductive substrate, and the 
influence of the molecular weight of nitroxyl radicals on the 
capacity, etc., should be studied.

3.4. COFs in OCNs

Compared with conventional small organic molecules and poly-
mers, COFs are more promising candidates for electrode mate-
rials in rechargeable batteries due to their high specific surface 
area, porous structure, and low electrode volume change[27,88–90] 
The specific capacity of COFs comes from the insertion of alkali 
metal ions in the active site and the capacitance capacity caused 
by the porous structure. On the one hand, a large molecular 
weight inhibits dissolution and improves cycle stability. On the 
other hand, the porous skeleton shortens the path of ion diffu-
sion[91] Among them, COFs based on nitrogen-containing sites 
have gradually attracted attention (Figure  10). COFs based on 
nitrogen-containing sites can be divided into three categories 
according to the different active nitrogen-containing groups.

3.4.1. COFs Based on Carbon–Nitrogen Groups

The CN group in the chain of COFs is formed by the Schiff 
base reaction and exists in the form of a skeleton connecting 
COFs. The controlled growth of few-layered 2D COFs (No. 71) 
on CNTs was realized (Figure  11a), which not only improves 
the conductivity of the electrode material but also eliminates 

Figure 10. COFs in OCNs (No. 71–79).
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the insufficient utilization of the redox center caused by the 
close packing[92] Excluding the capacity contribution of CNTs, 
the capacity of COF@CNTs reaches 1032 mAh g−1 (100 mA g−1, 
500 cycles), which is much higher than the specific capacity of 
COFs directly used as electrode materials. The lithium-storage 
mechanism for COF in the COF@CNTs anode has also been 
revealed (Figure 11b). In fact, some hyperbranched Schiff base 
polymers, such as No. 22, can also be considered as such COFs.

The CN group contained in the heteroaromatic molecules 
in COFs is mainly derived from the trimerization of nitrile 
groups and the synthesis of the phenazine structure[96] The 
bipolar function of amorphous covalent triazine-based frame-
works (ACTF-1) in LIBs was studied[97] A bipolar porous organic 
electrode (BPOE, No. 72) composed of benzene and a triazine 
ring was synthesized and used as a cathode in NIBs (Figure 11c). 
The p-doping process on the surface of BPOE occurs in the 
range of 4.2–2.8 V, and n-doping and Na+ insertion on BPOE 
occur in the range of 2.8–1.3 V[98] BPOE’s special porous struc-
ture is conducive to electrolyte infiltration, while its high mole-
cular weight inhibits dissolution, thereby showing high capacity 
retention of 80% after 7000 cycles. Due to the bipolar function 
of BPOE, it has a very high power density and a long cycle life 
when applied to all organic energy storage strategies[99]

Free-standing nitrogen-rich graphene-like HCP (NG-HCP, 
No. 73, Figure  11d,e) and nanosheets with far better perfor-
mance than the original NG-HCP material produced through 
nanoengineering were reported[93] After 230 cycles, at a cur-
rent density of 0.1 A g−1, the reversible capacity of the NG-HCP 
nanosheets remained at a high value of ≈1015 mAh g−1 
(Figure 11f), and the NG-HCP nanosheets showed an excellent 
rate performance. On the one hand, this excellent rate perfor-
mance is obtained because the high specific surface area and 
large reaction contact area of NG-HCP after nanoengineering 
promote the charge transfer reaction. On the other hand, the 
addition of heteroatoms (such as nitrogen atoms) to the con-
jugated COF structure provides the enhanced electrochemical 
reactivity of NG-HCP, resulting in the excellent battery perfor-
mance of the electrode material.

It is reported that a 2D SP2-carbon chain conjugated polymer 
(2D CCP) framework 2D CCP-HATN (No. 74) based on 
nitrogen-rich hexanaphthalene (HATN) and the corresponding 
imine cross-linked COF analog 2D CN HATN (No. 75) have 
been applied to LIBs[94] 2D CCP-HATN has a better redox per-
formance than 2D CN HATN. After in situ growth on carbon 
nanotubes (CNTs) to improve the conductivity of 2D CCP-
HATN, the prepared 2D CCP-HATN@CNT core-shell hybrid 

Figure 11. a) Growth of a COF on CNTs. b) Five-step lithium insertion and extraction reaction with a COF[92] (Reproduced with permission.[92] Copyright 
2018, Springer Nature). c) The 2D structure of the BPOE is composed of triazine rings and benzene rings[92] (Reproduced with permission.[92] Copyright 
2013, Springer Nature). d) Dehydration–condensation in an NMP solution and schematic representation of the pristine NG-HCP structure. e) Molecular 
configuration of a single layer NG-HCP with 11.65 Å micropores and a packing distance of 3.34 Å. f) Cycling performance of NG-HCP nanosheets 
and a pristine NG-HCP anode hybrid with CNTs at a current density of 0.1 A g−1[93] (Reproduced with permission.[93] Copyright 2017, Elsevier). g) The 
galvanostatic charge/discharge profiles of 2D CCP-HATN@CNT at different current densities[94] (Reproduced with permission.[94] Copyright 2019, Wiley-
VCH). h) Synthesis of ALP-8 and its redox mechanism with sodium ions. i) The galvanostatic charge/discharge profiles of ALP-8 battery at 0.3 C[95] 
(Reproduced with permission.[95] Copyright 2019, American Chemical Society).
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material exhibited a high capacity (116 mAh g−1) and high redox-
active unit (HATN) utilization. 2D CCP-HATN@CNT also 
presented symmetrical charge/discharge curves with the high 
reversibility of the electrochemical redox process (Figure 11g).

3.4.2. COFs Based on Nitrogen–Nitrogen Groups

COFs containing NN are synthesized, and NN plays the 
dual roles of connecting the molecular backbone and providing 
the active site. The azo-linked polymers (ALP-8, No. 76) are 
used as the cathode in NIBs (Figure  11h)[95] The sodiation of 
ALP-8 is a mixing process that includes Na+ insertion into the 
polymer and surface pseudocapacitance Na+ storage. The pro-
cess of sodium insertion is the same as that of the insertion of 
small molecules. During discharge, two Na+ ions insert in NN 
to form NaNNNa, and NN recovers as Na+ is extracted 
during charging. Due to the complex electronic properties 
and redox reactions in the amorphous framework, the charge/
discharge curves gradually become sloping (Figure  11i). After 
150 cycles, the specific discharge capacity of 170 mAh g−1 is 
maintained, and the capacity retention exceeds 90%. The pseu-
docapacitance stems from the porous structure of ALP-8. NN 
mainly exists in the chain, so the structural diversity of the cor-
responding COFs is lower than that of COFs containing CN; 
in addition, the number of NN groups in COFs is also low.

3.4.3. COFs Based on Nitrogen–Oxygen Groups

Few-layer 2D nanosheets of TEMPO-ECOF (No. 77) were pre-
pared by ball milling and post-synthesis modification[100] Due to 
the strong ππ interaction, the pristine COFs are often aggre-
gated together, which inevitably leads to the insufficient utili-
zation of redox-active sites, thereby reducing their capacity and 
rate performance. For comparison, the capacity of the stripped 
TEMPO-ECOF is 53% higher than that of its pristine material 
at 20 mA g−1. TEMPO-ECOF shows two discharge platforms 
at 3.6 and 2.7 V, and the corresponding redox reaction is con-
sistent with the principle of the TEMPO radical. TEMPO-ECOF 
prepared by stripping has the characteristics of atomic control 
and high crystallization, and its capacity and potential can be 
fine-tuned, providing a platform for better understanding the 
diffusion mechanism of the active center and the electrochem-
ical process[23] and providing new strategies for improving the 
electrochemical performance of COFs in batteries.

3.4.4. Summaries

Electrochemical active COFs based on nitrogen-containing 
sites are summarized here. Based on the advantages of COFs, a 
variety of nitrogen-containing sites, including CN in the chain, 
CN in heteroaromatic molecules, CN, NN, and TEMPO 
radicals, improve the application potential. However, there is no 
denying that low conductivity is still an obstacle for the applica-
tion of COFs in rechargeable batteries[96] Currently, combining 
COFs with carbon materials is the best way to improve the con-
ductivity of COFs,[101] and increasing the number of nitrogen 

atoms in the repeating unit is also a strategy. The mechanism of 
the reaction needs to be further explained. Recent studies have 
shown that there are radicals in the charge and discharge pro-
cess of DAAQ-COF[102] In addition, it can be observed that the 
number of active sites in each repeating unit of COFs in OCNs 
is relatively small. Therefore, working with other active groups 
to increase the average number of active sites in each repeating 
unit is a strategy to increase the specific capacity. Such groups, 
such as anthraquinone structure and polyimide, can be added 
before the synthesis of COFs or modified after synthesis[88,101–104] 
Some COFs containing CN (No. 78 and No. 79) were success-
fully synthesized, and COFs in nanoporous films were prepared. 
However, these materials have not been used in batteries[105–108] 
Therefore, the application of COFs in rechargeable batteries has 
great prospects, but further research is still needed.

3.5. Metal-Organic Frameworks with OCNs

Metal-organic frameworks (MOFs) are a class of developing 
energy storage materials, which are usually composed of vari-
able valence metal ions (such as transition metal ions) and/or 
redox-active ligands[109] Due to high porosity, multifunctionality 
and diverse structures, MOFs can be used not only as additives 
but also as electrode active materials in rechargeable batteries. 
Although MOFs with OCNs as organic linkers in rechargeable 
batteries have not been reported, their application prospects are 
still worth discussing.

MOFs can store lithium (sodium) ions by intercalation/
deintercalation or conversion reaction mechanisms. The intro-
duction of organic ligands with redox activity is a strategy to 
improve the specific capacity of MOFs, which can participate 
in the redox reaction together with metal elements. Awaga and 
colleagues reported an MOF, Cu(2,7-AQDC) (2,7-H2AQDC = 
2,7-anthraquinonedicarboxylic acid), with independent redox-
active sites on Cu2(Ac)4 paddlewheels and anthraquinone 
groups in the ligand, which resulted in a high initial capacity of 
147 mAh g−1[110] This proves that electrochemical active organic 
molecules can be used as electrode materials in MOFs. It 
is speculated that OCNs have the same application potential. 
This also provides a new strategy to expand the application of 
OCNs as electrode materials.

4. Analysis and Simulation Calculation

Routine electrochemical tests can determine the rich electro-
chemical parameters of OCNs. Due to the structural character-
istics of OCNs, their molecular structures can be designed and 
assembled according to their electrochemical reaction process. 
In this work, the simulation calculation can do more with less.

4.1. Analysis and DFT Calculation of OCNs

4.1.1. Analysis of OCNs

The distribution range of the average discharge potential of 
electrochemical active organic compounds based on different 
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nitrogen-containing groups is different (Figure  12a), which is 
caused by the different electronegativity of the elements that 
make up the active site. For OCNs based on carbon–nitrogen 
groups, the average discharge potential of the compounds with 
CN in their chains is mainly distributed below 1.5 V (red solid 
points), while the average discharge potential of the compounds 
with CN in their heteroaromatic groups is mainly distrib-
uted between 1.5–3.0 V (red hollow dots). For OCNs based on 
nitrogen–nitrogen groups, the average discharge potential of azo 
compounds is mostly between 1.0–2.0 V (blue triangles), and 
the individual reduction potential of aliphatic azo compounds is 
below 1.0 V. For OCNs based on nitrogen–oxygen groups, due to 
the existence of bipolar compounds, the reduction potential is 
mainly distributed between 2.0–4.0 V (light blue triangles).

The differences between the performances of the electro-
chemical active substances based on the same nitrogen-con-
taining group stem from the differences in their molecular 
structures. For OCNs based on carbon–nitrogen groups 
(Figure 12b), the reason why the discharge platform of CN in 
heteroaromatic molecules is higher than that of CN in chains 
is that the electrochemical activity of the former is higher than 
that of the latter, and the heteroaromatic N can also increase 
the reduction potential due to the extension of the conjugated 
structure. Although CN is an electron-withdrawing group 
that can increase the working potential, nitrile molecules 
have a strong solubility and rapid capacity decay, which leads 
to low reversible capacity and energy density. For OCNs based 
on nitrogen–nitrogen groups (Figure  12c), the aliphatic azo 
compounds have no benzene ring, so their Ctheoretical is higher 
than the capacity of aromatic azo compounds. However, the 

conjugation of aliphatic azo compounds is weak, resulting in a 
strong solubility and low capacity retention, reversible capacity, 
and initial capacity. By contrast, azobenzene compounds have 
higher capacity retention. For OCNs based on nitrogen–oxygen 
groups (Figure  12d), the dissolution problem decreases the 
reversible capacity and capacity retention of nitroxyl radicals. 
However, the OCNs based on nitrogen–oxygen groups also 
show high reduction potential because of the high activity of 
radicals. The electrochemical performance of other radicals is 
weaker than that of TEMPO radicals. This may be due to the 
presence of conjugates, such as olefin in an electron-rich state, 
and so it is not easy to combine additional electrons, making 
the n-type doping process difficult. Overall, the TEMPO radi-
cals are preferable to other nitroxyl radicals.

4.1.2. DFT calculation of OCNs

Here, to further understand the differences between the elec-
trochemical activities of various OCNs, the LUMO, the highest 
occupied molecular orbital (HOMO) and energy gap of some 
typical published and unpublished compounds were calcu-
lated by DFT (Figure  13a). The low LUMO levels of various 
OCNs indicate their good electron affinity and high reduction 
potential. Both OCNs based on carbon–nitrogen groups and 
nitrogen–nitrogen groups have low energy gaps, indicating 
their good intrinsic conductivity. In contrast, the nitroxyl radi-
cals in the OCNs based on nitrogen–oxygen groups have large 
energy gaps, indicating poor conductivity, and two pairs of 
LUMOs and HOMOs correspond to two doping processes. 

Figure 12. Overview of the fundamental properties of various types of OCNs. a) The discharge platform potentials of OCNs. OCNs based on b) carbon–
nitrogen groups, c) nitrogen–nitrogen groups, and d) nitrogen–oxygen groups. The data are from Table 2.
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Table 2. Summary of the electrochemical properties of OCNs. A) Number. B) Molecular weight (Mw) of monomer. C) Theoretical specific capaci-
ties (Ctheoretical = nF/3.6 Mw, where n is the transferred electron number, and F is the Faraday constant. For Schiff compounds and COFs, Ctheoretical is 
determined according to the literature or calculated by the mechanism. For pteridine derivatives and azo compounds, n is the number of conjugated 
N atoms. For radical compounds, n is the number of radicals.). D) Electrode composition (X indicates the active material, and the ratio is the mass 
ratio.). E) Voltages of discharge/charge platform or average voltages (V). F) First discharge and charge capacities (mAh g−1). G) Discharge capaci-
ties (mAh g−1)/current/cycles. H) Discharge capacities (mAh g−1) with high rate/current. I) Electrodes versus the reference electrode. J) Notes and 
references.

A B C D E F G H I J

No. 1 264 161 X:Carbon Super C-65 (Imerys): 
Ketjen Black (KB) = 80:15:5

0.76/1.18 50/ 50/0.1 C/25 Anode versus 
Na/Na+

Binder free[36]

No. 2 416 258 X:Carbon Super C-65 (Imerys): 
KB = 80:15:5

0.85, 0.75, 
0.53/1.01, 0.80, 

0.62

268/250 225/0.1 C/25 80/2 C Anode versus 
Na/Na+

[36]

No. 3 623 258 X:Carbon Super C-65 (Imerys): 
KB = 80:15:5

1.02, 0.80, 
0.57/1.15, 0.99, 

0.65

260/248 220/0.1 C/25 80/2 C Anode versus  
Na/Na+

[36]

No. 4 416 258 X:Carbon Super C-65 (Imerys): 
KB = 80:15:5

0.99, 0.31/1.14, 
0.87

120/125 100/0.1 C/25 Anode versus 
Na/Na+

[36]

No. 5 623 258 X:Carbon Super C-65 (Imerys): 
KB = 80:15:5

0.98, 0.79/1.08, 
0.81

150/160 125/0.1 C/25 Anode versus 
Na/Na+

[36]

No. 6 368 291 X:Carbon Super C-65 (Imerys): 
KB = 80:15:5

0.4/0.7 213/220 100/_/10 Anode versus 
Na/Na+

[36]

No. 7 340 315 X:Carbon Super C-65 (Imerys): 
KB = 80:15:5

0.3/0.7 /196 Anode versus 
Na/Na+

[36]

No. 8 158 339 X:Carbon Super C-65 (Imerys) 
= 8:2

0.47/0.85 350/170 50/34 mA g−1/ 
25

Anode versus 
Na/Na+

Binder free[35]

No. 9 172 312 X:Carbon Super C-65 (Imerys) 
= 8:2

0.37/0.79 140/60 20/_/25 Anode versus 
Na/Na+

Binder free[35]

No. 10 206 260 X:Carbon Super C-65 (Imerys) 
= 8:2

0.75/0.95 310/180 180/26 mA g−1/ 
25

Anode versus 
Na/Na+

Binder free[35]

No. 11 234 229 X:Carbon Super C-65 (Imerys) 
= 8:2

0.65/0.79 Anode versus 
Na/Na+

Binder free[35]

No. 12 266 202 X:Carbon Super C-65 (Imerys) 
= 8:2

0.60/0.87 Anode versus 
Na/Na+

Binder free[35]

No. 13 262 205 X:Carbon Super C-65 (Imerys) 
= 8:2

0.34/0.87 Anode versus 
Na/Na+

Binder free[35]

No. 14 X:Carbon Super C-65 (Imerys) 
= 8:2

0.63, 1.09/ 184/ 116/19.7 mA g−1/ 
25

Anode versus 
Na/Na+

Active materials 
double as binder[38]

No. 15 X:Carbon Super C-65 (Imerys) 
= 8:2

0.63, 1.09/ 190/ 158/19.7 mA g−1/ 
25

Anode versus 
Na/Na+

Active materials 
double as binder[38]

No. 16 X:Carbon Super C-65 (Imerys) 
= 8:2

0.63, 1.09/ 256/ 178/19.7 mA g−1/ 
25

158/0.2 C/25 Anode versus 
Na/Na+

Active materials 
double as binder[38]

X:Carbon Super C-65 (Imerys) 
= 8:2

0.63, 1.09/ 206/19.7 mA g−1/ 
25

Anode versus 
Na/Na+

Laminate 
electrodes[38]

X:Carbon Super C-65 (Imerys) 
= 9:1

0.63, 1.09/ 100/19.7 mA g−1/ 
25

Anode versus 
Na/Na+

Powder 
electrode[38]

X:Carbon Super C-65 (Imerys) 
= 9:1

0.63, 1.09/ 201/19.7 mA g−1/ 
25

Anode versus 
Na/Na+

Laminate 
electrodes[38]

X:Carbon Super C-65 (Imerys) 
= 1:1

0.63, 1.09/ 316/19.7 mA g−1/ 
25

Anode versus 
Na/Na+

[38]

X:KB = 1:1 0.63, 1.09/ 285/19.7 mA g−1/ 
25

Anode versus 
Na/Na+

[38]

No. 17 X:Carbon Super C-65 (Imerys) 
= 8:2

0.63, 1.09/ 266/ 60/19.7 mA g−1/ 
25

Anode versus 
Na/Na+

Active materials 
double as binder[38]

No. 18 X:Carbon Super C-65  
(Imerys) = 8:2

0.63, 1.09/ 230/ 127/19.7 mA g−1/ 
25

106/0.2 C/25 Anode versus 
Na/Na+

Active materials 
double as binder[38]
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No. 19 X:Carbon Super C-65  
(Imerys) = 8:2

0.63, 1.09/ 229/ 104/19.7 mA g−1/ 
25

81/0.2 C/25 Anode versus 
Na/Na+

Active materials 
double as binder[38]

No. 20 443 242 X:super P 
(SP):polytetrafluoroethylene 

(PTFE) = 85:10:5

0.15, 1.1, 2.3/0.3, 
1.0, 3.2

315/97 160/10 mA g−1/ 
100

40.3/80 mA g−1 Anode versus 
Li/Li+

[40]

No. 21 366 1609 X:KB:carboxymethylcellulose  
(CMC) = 7:2:1

1.0, 0.1/ 1231/1130 1097/0.2 A g−1/ 
100

259/2.0 A g−1 Anode versus 
Li/Li+

[39]

No. 22 597 135 X:acetylene black (AB):PTFE 
= 5:4:1

0.2, 1.5/ 127/1 C/500 60/16 C Cathode versus 
Li/Li+

[41]

No. 23 377 142 X:SP:PTFE = 5:3:2 2.65, 2.4/ 105.88/ Cathode versus 
Li/Li+

[43]

No. 24 441 122 X:SP:PTFE = 5:3:2 2.74, 2.49/ Cathode versus 
Li/Li+

[43]

No. 25 417 129 X:SP:PTFE = 5:3:2 2.79, 2.54/ Cathode versus 
Li/Li+

[43]

No. 26 256 209 X:SP:PTFE = 5:3:2 2.65, 2.3/ 174.32/ Cathode versus 
Li/Li+

[43]

No. 27 242 221 X:SP:PTFE = 4:4:2 169/20 mA g−1/ Cathode versus 
Li/Li+

[45]

242 221 X:SP:PTFE = 4:4:2 181/20 mA g−1/ Cathode versus 
Li/Li+

60 °C[45]

242 221 X:CNT = 43:57 215/220 mA g−1 153/10 A g−1 Cathode versus 
Li/Li+

CNT hybrid[45]

242 221 X:CNT = 43:57 1.8/2.0 222/ 111/50 mA g−1/20 138/10 mA g−1 Cathode versus 
Na/Na+

CNT hybrid[45]

No. 28 214 250 X:SP:PTFE = 4:4:2 181/20 mA g−1/ Cathode versus 
Li/Li+

[45]

214 250 X:CNT = 41:59 236/250 mA g−1 168/10 C Cathode versus 
Li/Li+

CNT hybrid[45]

214 250 X:CNT = 41:59 1.8/2.0 255/ 128/50 mA g−1/ 
20

168/10 mA g−1 Cathode versus 
Na/Na+

CNT hybrid[45]

No. 29 166 327 X:SP:PTFE = 4:4:2 154/ Cathode versus 
Li/Li+

[45]

166 327 X:SP:PTFE = 4:4:2 251/10 mA g−1/ Cathode versus 
Li/Li+

60 °C[45]

166 327 X:CNT = 35:65 1.7/2.5 220/ 110/50 mA g−1/ 
20

70/10 mA g−1 Cathode versus 
Na/Na+

CNT hybrid[45]

No. 30 180 297 X:SP:polyvinylidene fluoride  
(PVDF) = 6:3:1

1.9, 1.3/ 205/ 69.8/0.1 A g−1/ 
100

Cathode versus 
Li/Li+

[46]

No. 31 210 255 X:SP:PVDF = 6:3:1 1.68/ 220/0.1 A g−1/100 93.3/2 A g−1 Cathode versus 
Li/Li+

[46]

No. 32 210 383 X:AB:PVDF = 1.5:4:1 2.73, 1.77, 0.92/ [49]

No. 33 284 377 X:graphene:PVDF = 3:6:1 2.7–2.5, 
2.5–2.2, 2.2–1.8, 
1.9–1.2/3.1–2.6, 
2.6–2.2, 2.2–1.7, 

1.7–1.4

395/ 395/1 C/200 218/20 C Cathode versus 
Li/Li+

[47]

No. 34 384 418 X:graphene:PVDF = 3:6:1 2.11–2.95, 1.41–
1.75/2.6–2.15, 

1.68–1.38

372/ 372/1 C/200 229/20 C Cathode versus 
Li/Li+

[47]

No. 36 204 263 X:KB:PTFE = 47.6:46.9:5.6 3.1, 2.5/ 215.8/ 170/.02 C/100 Cathode versus 
Li/Li+

quasi-solid-state 
LIB[55]

No. 37 128 418 X:AB:PTFE = 5:4:1 Cathode versus 
Li/Li+

[48]

Table 2 Continued.
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No. 38 228 235 X:AB:PTFE = 5:4:1 1.79, 1.33/2.12, 
1.67

330/184.8 96/_/30 134.0/50 mA g−1 Cathode versus 
Li/Li+

[48]

No. 43 182 294 X:carbon black (CB):PVDF 
= 6:3:1

1.9, 1.55/2.5, 1.8 103/ 65/0.5 C/20 Cathode versus 
Li/Li+

[28]

182 294 X:CB:PVDF = 6:3:1 2.0, 1.35/ 929/ 15/ Cathode versus 
Na/Na+

[29]

No. 44 232 231 X:CB:sodium alginate = 6:3:1 1.47, 1.25/1.30, 
1.55, 2.0

220/ 178/0.5 C/100 85/20 C Cathode versus 
Li/Li+

[30]

No. 45 263 204 X:CB:sodium alginate = 6:3:1 1.6/1.6 110/ 110/0.5 C/30 Cathode versus 
Li/Li+

[28]

No. 46 282 190 X:CB:sodium alginate = 6:3:1 1.45/1.55, 1.65 190/ 175/0.5 C/100 105/20 C Cathode versus 
Li/Li+

[28]

No. 47 248 216 X:CB:sodium alginate = 6:3:1 1.4, 1.1/1.4, 1.1 162/ 65/0.5 C/50 Cathode versus 
Na/Na+

[29]

No. 48 314 171 X:CB:sodium alginate = 6:3:1 1.26, 1.2/1.43, 
1.37

170/ 170/0.2 C/100 71/40 C Cathode versus 
Na/Na+

[29]

No. 49 346 155 X:CB:sodium alginate = 6:3:1 1.43, 1.24/1.5 134/ 109/0.1 C/100 66/10 C Anode versus 
K/K+

Room 
temperature[31]

346 155 X:CB:sodium alginate = 6:3:1 1.43, 1.24/1.5 77/2 C/1000 Anode versus 
K/K+

50 °C[31]

346 155 X:CB:sodium alginate = 6:3:1 1.43, 1.24/1.5 98/4 C/90 Anode versus 
K/K+

60 °C[31]

No. 56 164 326 X:SP:PVDF = 8:1:1 1.7, 1.2/ 100/ 30/50 mA g−1 Anode versus 
Li/Li+

[65]

164 326 X:SP:PVDF = 8:1:1 1.5, 1.0/ 70/50 mA g−1 Anode versus 
Na/Na+

[65]

164 326 X:SP:PVDF = 8:1:1 1.45, 1.05/ 200/ 80/10 mA g−1/ 
100

80/50 mA g−1 Anode versus 
K/K+

[65]

No. 57 198 593 X:SP:PVDF = 8:1:1 1.7, 1.6, 0.6/ 50/50 mA g−1 Anode versus 
Li/Li+

[65]

No. 58 116 924 X:SP:PVDF = 1:1:1 1.15, 0.75/ 224.5/5 mA g−1 Anode versus 
Na/Na+

[65]

No. 59 231 225 X:CB:PVDF = 1:8:1 3.6, 2.8–3.0/3.6, 
2.8–3.0

166/120 76/1 C/100 Cathode versus 
Li/Li+

[70]

231 225 X:graphene:CB:PVDF = 1:6:2:1 3.5–3.7, 
2.5–3.2/3.5–3.7, 

2.5–3.2

222/250 169/1 C/100 80/200 C Cathode versus 
Li/Li+

PTMA/graphene 
composite[70]

231 225 X:CNT:PVDF = 3:6:1 3.6/3.6 80/1 C/100 63/100 C Cathode versus 
Li/Li+

PTMA/CNT-array 
electrode[76]

231 225 X:CB:PVDF = 63:30:7 2.2/3.0 142/61 10/5 C Cathode versus 
Na/Na+

General PTMA–
CNT composite[69]

231 225 X:PVDF = 93:7 3.36, 2.1/3.51, 
2.51

222/120 217/0.5 C/100 190/5 C Cathode versus 
Na/Na+

PTMA-impreg-
nated CNT[69]

No. 60 491 218 X:vapor growth carbon fiber 
(VGCF):PVDF = 3:6:1

3.38/3.42 75/296 48.4/50 mA g−1/ 
50

Cathode versus 
Na/Na+

[81]

No. 61 263 102 X:SWCNT = 9:1 3.5/3.5 93/80 56/1 C/200 Cathode versus 
Li/Li+

[82]

No. 62 199 270 X:CB:PVDF = 7:2:1 3.56, 
2.5–3.0/3.56, 

2.5–3.0

261/ 180/1 C/100 126/200 C Cathode versus 
Li/Li+

PTVE/graphene 
nanocomposite[71]

199 270 X:CB:PVDF = 1:8:1 227/ 120/1 C/100 52/200 C Cathode versus 
Li/Li+

[71]

No. 64 312 172 X:graphite:CB:PVDF = 
20:34:7:39

3.0–4.2/ 73/ 65/1 C/500 Cathode versus 
Li/Li+

[84]

Table 2 Continued.
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One of the high LUMO levels indicates that the low-potential 
n-doping process is difficult. Obviously, the reduction poten-
tial of OCNs based on the same element site has an approxi-
mately negative linear relationship with the LUMO energy 
(Figure 13b–d). According to the LUMO level of the compounds 
that have not been applied in the batteries, it can be prelimi-
narily known that the experimental reduction potential should 
be located near ★. Although the electrochemical activities are 
affected by factors such as the electrochemical system and man-
ufacturing process of test batteries, the experimental errors are 
also inevitable, but the theoretical calculation results still have 
reference significance.

The difference between the LUMO diagrams can explain the 
performance difference of OCNs based on the same nitrogen-
containing groups (Figure 13e). For CN in chains, there is a 
clear difference between the LUMO diagrams of No. 2, which 
meets the Hückel rule, and No. 1 that does not, indicating that 
the active sites of No. 2 have the better electron-withdrawing 
ability. A lack of a benzene ring in the middle block of No. 6 dis-
torts the molecule and reduces the electron-withdrawing ability 
of the active site. Although the LUMO levels of the abovemen-
tioned three molecules are similar, the electrochemical activity 
of No. 2 is higher than that of Nos. 1 and 6. This confirms the 
contribution of the Hückel active structure and benzene ring to 
the electrochemical activity of Schiff base compounds. For CN 

in heteroaromatic compounds, the LUMO diagrams of No. 30 
show that the active site has a good electron-withdrawing ability 
and electrochemical activity. Moreover, the nitrogen-containing 
aromatic heterocycle can reduce the LUMO level and increase 
the reduction potential,[111] so the potential of CN in heter-
oaromatic molecules is higher overall than that of CN in 
chains. The LUMO diagrams of No. 37 show that CN has a 
good electron-withdrawing ability and electr0chemical activity, 
so the reduction potential of CN in heteroaromatic molecules 
is also higher than that of CN in chains. The similar LUMO 
diagrams of the aromatic azo compounds represented by Nos. 
43 and 46 indicate that the NN connected to the benzene ring 
has good electrochemical activity and stability, while the con-
jugate of NN in aliphatic azo compound No. 57 is reduced, 
resulting in electrochemical activity loss. Moreover, during the 
calculation process, it was found that the structures of Nos. 56 
and 57 were unstable, and the structure of No. 58 was stable, 
which is consistent with the experimental results in the litera-
ture. The similar lower LUMO levels of nitroxyl radicals indicate  
that high-potential p-type doping reactions can be performed, 
which is consistent with the reported results. However, the 
large difference between the higher LUMO levels makes the 
nitroxyl radicals react differently in low-platform n-type doping, 
resulting in some nitroxyl radicals having a low-potential pla-
teau and high capacity and some not having low-potential 

A B C D E F G H I J

No. 65 256 104 X:VGCF:PVDF = 1:8:1 3.66/ 80/ 72/10 C/100 Cathode versus 
Li/Li+

[85]

No. 66 182 147 X:VGCF:PVDF = 1:8:1 3.7/ 90/ 72/10 C/1000 Cathode versus 
Li/Li+

[66]

No. 69 173 620 X:CB:PVDF = 6:3:1 2.35, 1.9/2.1 560/153 131/0.5 C/100 50/20 C Cathode versus 
Li/Li+

[30]

No. 70 187 573 X:CB:PVDF = 6:3:1 310/67 34/0.5 C/50 Cathode versus 
Li/Li+

[30]

No. 71 205 1830 X:AB:PVDF = 8:1:1 1.5/0.75, 1.6 928/383 1536/100 mA g−1/ 
500

217/5 C Anode versus 
Li/Li+

COF@CNTs 
composite[92]

205 1830 X:AB:PVDF = 8:1:1 125/100 mA g−1/ 
300

Anode versus 
Li/Li+

[92]

No. 72 915 176 X:CB:CMC = 7:2:1 2.5/3.0 230/ 200/0.01 A g−1/40 50/5 A g−1 Cathode versus 
Na/Na+

[98]

915 176 X:CB:CMC = 7:2:1 1.5/1.6 38/ 223/2 A g−1 Cathode versus 
Na/Na+

All organic 
batteries[99]

No. 73 1405 228 X:CNT:PVDF = 7:2:1 1.4/ 2497/1319 1015/0.1 A g−1/ 
230

257/2.3 A g−1 Anode versus 
Li/Li+

NG-HCP 
nanosheets[93]

No. 74 1376 117 X:SP:sodium alginate = 8:1:1 2.4, 1.58/2.45, 
1.60

62.5/ Cathode versus 
Li/Li+

[94]

1376 117 X:SP:sodium alginate = 8:1:1 2.4, 1.58/2.45, 
1.60

116/ 95/0.5 A 
g−1/1000

94/1.0 A g−1 Cathode versus 
Li/Li+

2DCCP-HATN@
CNT[94]

No. 75 1301 124 X:SP:sodium alginate = 8:1:1 2.4, 1.58/2.45, 
1.60

Cathode versus 
Li/Li+

[94]

No. 76 386 278 X:SP:sodium alginate = 6:3:1 1.4/1.5 315/ 170/0.3 C/150 42/40 C Cathode versus 
Na/Na+

[95]

No. 77 966 111 X:SP:PVDF = 6:3:1 3.6,2.7/ 115/0.16 C/3 Cathode versus 
Li/Li+

[100]

Table 2 Continued.
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n-doping reactions and low capacity. Therefore, the next step 
is to increase the capacity of nitroxyl radicals to their Ctheoretical.

4.1.3. Analysis of COFs in OCNs

The COFs in OCNs can contain single nitrogen-containing 
groups. CN and nitroxyl radicals exist only in the end groups, 

and the specific gravity of the active site is small. The CN and 
NN groups in chains both have functions of providing an 
electrochemical activity and connecting the molecular skeleton, 
but the specific gravity of the active site is small. In addition 
to the aforementioned advantages, the highly conjugated CN 
group in heteroaromatic molecules also has good electronic 
conductivity and provides more sites for each repeating unit. 
In addition, the adjustability of CN can provide COFs with 

Figure 13. a) LUMO and HOMO levels of the selected compounds calculated by DFT, where the bars represent the energy gap. OCNs based on 
carbon–nitrogen groups (red), nitrogen–nitrogen groups (blue) and nitrogen–oxygen groups (light blue). Linear graphs of the experimental reduction 
potential and LUMO energy of OCNs based on b) carbon–nitrogen groups, c) nitrogen–nitrogen groups and d) nitrogen–oxygen groups. e) LUMO 
plots of some compounds in a). The lowest-energy geometry for each molecular model was determined in the gas phase by the Gaussian 16 package[1] 
with tight convergence criteria. The B3LYP hybrid functional (the Becke 3-parameter exchange functional combined with the Lee–Yang–Parr correlation 
functional) and the 6–31G** basis set were used in the calculations for all atoms. The frontier orbitals of each were computed using their optimized 
geometry and visualized in the GaussView 5.0 program.
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structural diversity and a high proportion of active parts. There-
fore, the addition of CN in heteroaromatic molecules in COFs 
is a good choice to improve the electrochemical performance. 
To solve the problems of the low electronic conductivity and 
high specific gravity of the inactive parts of single-site COFs, 
combining many active sites with highly conductive structures 
is a good strategy (Figure 14). The first approach is the combi-
nation of nitrogen-containing groups in COFs, such as No. 74. 
The second is the combination of nitrogen-containing groups 
and other active groups including CO. For example, the com-
bination of a highly conductive phenazine and a highly active 
CO group has been shown to allow COFs to have both a high 
capacity and good rate performance.[103]

4.2. Electrochemical Contributions of N in OCNs

The roles of N in OCNs at different nitrogen sites have 
common points and differences. In this review, according to 
the overview of OCNs applied to alkali metal rechargeable bat-
teries with organic electrolytes, the electrochemical contribu-
tion of N in OCNs can be shown as follows (Figure 15). 1) N 
provides electrochemical activity. N exists in the electrochem-
ical active centers formed by the combination of C, N, and O, 
which provide the possibility of the insertion of alkali metal 
ions. 2) N provides more Li storage sites for the unit active 
site. 3) N extends the conjugate structure. N has 3 unpaired 
electrons, which can easily form p–π conjugates with the adja-
cent π bond to extend the conjugate structure; thus, the charge 
exchange between the molecule and lithium ion is facile, 
and the organic electrode has a rapid charge and discharge 

capability[28,47] 4) N provides stability. The nitrogen-containing 
groups have high stability during the redox process, the mole-
cular structure is not easily destroyed, and the electrode has 
a good cycle stability. 5) N provides conductivity. In organic 
molecules, due to the three unpaired electrons in N and the 
electron-donating group containing N, the intrinsic conduc-
tivity of the organic molecule is improved, and so it exhibits 

Figure 14. Strategies for improving the electrochemical performance of COFs in OCNs. The triangles represent the positions of OCNs. The red, blue 
and cyan triangles are based on carbon–nitrogen groups, nitrogen–nitrogen groups and nitrogen–oxygen groups, respectively. The yellow one is het-
erosite COF.

Figure 15. Electrochemical contributions of N in OCNs.
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a good rate performance. 6) N increases the reduction poten-
tial. In heteroaromatic molecules, N has dual roles, acting 
as the active center and heteroaromatic N, providing electro-
chemical activity and increasing the reduction potential of the 
molecule. 7) As a part of the insoluble framework, alkali metal 
ions are stored, and the dissolution inertness increases simul-
taneously. In addition, N can also enhance charge exchange 
kinetics and provide two doping states. N in the inactive center 
can also affect the electrochemical activity of organic mole-
cules. For example, N in the active center assists the carbonyl 
group to co-coordinate N and O to Li[49] and can increase the 
reduction potential of organic molecules in a heteroaromatic 
compound[26]

5. Conclusions and Outlook

5.1. Conclusions

In summary, OCNs have great application prospects in bat-
teries due to their diversity and adjustability. The electrochem-
ical activities of OCNs based on carbon–nitrogen groups with 
the special structure are improved. OCNs based on nitrogen–
nitrogen groups provide many Li storage sites per unit active 
site. Nitroxyl radicals show rapid reaction kinetics and a high 
operating voltage. The nitrogen-containing groups in COFs are 
active centers and connect the molecular skeleton. Research on 
improving the performance of OCNs provides a potential choice 
for electrode material design. The electrochemical activity of 
OCNs based on different nitrogen-containing groups relies 
on the electronegativity of the constituent group elements, 
which is the main difference between the reduction or oxida-
tion potentials. The electrochemical activity of OCNs based on 
the same nitrogen-containing group depends on the position of 
the group and the molecular structure. Among them, nitrogen-
containing heteroaromatic molecules can exhibit good electro-
chemical activity and electronic conductivity. The roles of N in 
the active center of OCNs correspond to the specific composi-
tion and molecular structure of nitrogen-containing groups. 
The more tunable the nitrogen-containing group, the more 
important the role of N.

However, the high solubility and low electronic conductivity 
of OCNs are the primary problems we face, and long cycle life 
and high capacity density still need to be achieved. There is still 
a large gap between the current research states of OCNs and 
their commercial application. At the same time, there are two 
improvement measures to solve the problems of high solu-
bility and low electronic conductivity. One is to optimize the 
molecules themselves. Small molecules can be prepared as 
corresponding alkali metal salts or extended conjugated struc-
tures, while the polymers inhibit dissolution by large molecular 
weight and conjugate skeletons and improve electronic conduc-
tivity by introducing N atoms. The other is combining insoluble 
conductive substrates by physical effects and stable chemical 
bonds, such as carbon fiber felt,[112] CNTs, MXene, graphene, 
CMK-3, etc. In addition to the exploration of substrate mate-
rials, the electrode fabrication process also merits further study. 
To further improve the electrochemical performance, the micro 
morphology design is also necessary.

5.2. Outlook

With the development of the following five aspects, the pros-
pects of OCNs as organic electrode materials can be further 
improved. 1) Exploring more OCNs applied in alkali metal 
rechargeable batteries with organic/aqueous electrolytes is a 
long-term theme. 2) It is necessary to conduct in-depth study of 
the electrochemical reaction mechanism and characteristics of 
the charge/discharge process of OCNs. 3) Extensive research on 
LIBs, NIBs, and KIBs will provide a wider range of applications 
for OCNs. 4) The fabrications of new generation electrodes, 
such as self-standing electrode and flexible electrode, will open 
new windows. 5) Considering the development of solid electro-
lytes, the combination of organic electrode materials and solid 
electrolytes can simultaneously solve the dissolution problem 
and maintain long cycle life and high energy density. In addi-
tion, it is necessary to establish and improve the database infor-
mation of the electrochemical active organic molecules that 
have been studied.

Finally, in regard to deeper future visions, the cost issue of 
OCNs deserves more attention. There are four ways to obtain 
low-cost and environmentally friendly organic materials: devel-
opment of low-cost synthetic routes for OCNs and other organic 
materials, applications of natural electrochemical active organic 
materials in rechargeable batteries, recycling of electrochemical 
active organic materials in waste liquid, and industrial produc-
tion of organic materials.
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