:' frontiers | Frontiers in Chemistry

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Zhong Jin,
Nanjing University, China

REVIEWED BY

Lin Sun,

Yancheng Institute of Technology,
China

Wen Yan,

Jiangsu Normal University, China
Yanrong Wang,

Yangzhou University, China

*CORRESPONDENCE
Menglan Lv,
mllv@gzu.edu.cn

Zhengping Ding,
zhengpingding@cczu.edu.cn
Bin Zhang,
zhangb@gzu.edu.cn

SPECIALTY SECTION

This article was submitted to
Electrochemistry,

a section of the journal
Frontiers in Chemistry

RECEIVED 28 September 2022
ACCEPTED 24 October 2022
PUBLISHED 17 November 2022

CITATION
Wang Z, Zhang P, Li J, Zhang C,

Jiang J-X, Lv M, Ding Z and Zhang B
(2022), A low-cost naphthaldiimide
based organic cathode for rechargeable
lithium-ion batteries.

Front. Chem. 10:1056244.

doi: 10.3389/fchem.2022.1056244

COPYRIGHT

© 2022 Wang, Zhang, Li, Zhang, Jiang,
Lv, Ding and Zhang. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Chemistry

TvPE Original Research
PUBLISHED 17 November 2022
pol 10.3389/fchem.2022.1056244

A low-cost naphthaldiimide
based organic cathode for
rechargeable lithium-ion
batteries

Zhuo Wang?, Pengchao Zhang?, Junpeng Li*, Chong Zhang?,
Jia-Xing Jiang?, Menglan Lv'*, Zhengping Ding** and
Bin Zhang'*

School of Chemistry and Chemical Engineering, Guizhou University, Guiyang, China, ?Key Laboratory
for Macromolecular Science of Shaanxi Province, Shaanxi Engineering Laboratory for Advanced
Energy Technology, School of Materials Science and Engineering, Shaanxi Normal University, Xi‘an,
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Recently, the development of cathode materials is becoming an important issue
for lithium-ion batteries (LIBs). Compared with inorganic cathodes, the organic
cathodes are developing rapidly, ascribing to their distinct merits in light weight,
low cost, massive organic resources and high capacity. In this paper, a cost-
efficiency naphthaldiimide (NDI) based derivative, 2,7-bis(2-((2-hydroxyethyl)
amino) ethyl) benzo[lmn] [3,8] phenanthroline-1,3,6,8(2H, 7H)-tetraone (NDI-
NHOH), was used as organic cathode in LIBs. The NDI-NHOH was synthesized
easily via one-step process, and it showed very high thermal stability. Through
mixing NDI-NHOH with acetylene black and polyvinylidene fluoride (weight
ratio of 6:3:1) as composite cathode in lithium-metal based LIBs, the NDI-
NHOH presented versatile electrochemical properties. From cyclic
voltammetry (CV) test, it exhibited two reversible peaks for oxidation and
reduction in the first cycle, respectively. Notably, the oxidation and
reduction peaks were located at 2.54, 3.22 and 2.14, 232V vs. Li*/Li,
respectively. By employing NDI-NHOH as cathode, it demonstrated a
specific capacity of about 80 mAh g™ in the range of 1.5-3.5 V, where the
batteries retained a capacity retention of 50% over 20 cycles. According to the
LIBs study, it suggests that the NDI-NHOH-based derivative shows a potentially
promising candidate as efficient organic cathode materials for high-
performance metal-ions batteries.
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1 Introduction

Lithium-ion batteries (LIBs) have become the main energy
storage and energy supply systems for many portable electronic
devices, electric vehicles, and aerospace equipment due to their
merits in high energy density, high coulombic efficiency, low self-
discharge characteristics and low environmental pollution (Kim
et al., 2019)". The energy storage of transition metal-based
inorganic electrode materials in LIBs is limited by the change
of transition metal oxidation state and the irreversible capacity
loss caused by the release of lattice oxygen. These negative factors
essentially impair the practical application of inorganic materials
(Yuan et al., 2022)* LIBs are mainly composed of four parts:
cathode, anode, electrolyte, and separator. Among them, the
cathode materials are the core component of the whole system,
including inorganic and organic cathode materials, whose
significantly the battery
the cathodes
inorganic materials, mainly dividing into transition metal

characteristics  have impacted

performance. Currently, commercial are
oxides, phosphate and cobaltate compounds, such as olivine
(LiFePOy), lithium cobaltate (LiCoO,) and lithium manganate
(LiMnO,) (Mahmud et al., 2022)°. However, ascribing to the
small theoretical capacity, high cost and limited resources, these
inorganic materials urgently need to be replaced by new electrode
materials (Lyu et al., 2021)".

Due to their high specific capacity, flexible design, and
environmental friendliness, organic materials have become a
research hotspot in the area of rechargeable batteries, in
contrast to the major concerns of high recycling costs and
environmental contamination that inorganic materials may
cause (Liu et al, 2022)°. Most organic materials used in
rechargeable batteries are carbonyl compounds, in which the
carbonyl (C=0) has high redox activity. For instance, a novel
anthraquinone derivative with multiply symmetrical hydrophilic
hydroxyl groups (1,3,5,7-THAQ), was reported by Wang’s group,
where the hydrophilic hydroxyl groups effectively improved
water solubility and provided the high redox activity (Wang
et al, 2022)°. During the discharge process of the battery, the
carbonyl group is reduced to form an oxygen anion, which is
coordinated by the cation in the electrolyte (Hdupler et al., 2015)”.
Therefore, exploring a compound with a larger number of
carbonyl groups and a smaller molecular weight is a strategy
to gain electrode materials with high specific capacity (Liang et al,,
2013)%.  Notably,
interactions of organic materials create a natural area for

the comparatively weak intermolecular

tolerating different metal ions through cycling. (Xie and
Zhang, 2019)°. However, the conductivity of organic materials
is poor, which is an important effect on LIBs (Xie and Zhang,
2016). Also, there are some problems, such as persistent
dissolution, redeposition, and persistent battery capacity
reduction, caused by the high solubility of organic materials.
Zheng et al. (2021) synthesized a conjugated polymer of

polyphenyl-1,3,5-(pyrene-4,5,9,10-tetraone) (PPh-PTO) by a
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coupling reaction, aiming to inhibit the solubility of polymer
(Zheng et al., 2021)"". These weaknesses in organic electrodes
prevent the development of practical applications of organic
materials in LIBs (Liu et al., 2022)"2.

Naphthaldiimides (NDI) is a class of planar and aromatic
n-type organic compounds with high redox activity (Kuang et al.,
2019)"*. The NDI-based molecules are commonly used in organic
electronic devices, such as organic photovoltaic cells (Liu et al.,
2020)", organic field-effect transistors (Park et al., 2022)" and
sensors (Al et al., 2022)'® in previous studies. In addition to its
small molecular weight and easy modification, NDI also has
excellent electrochemical properties. In recent years, NDI has
attracted much attention ascribing to its remarkable specific
capacity and  outstanding electrochemical  exchange
performance, especially in the research field of electrochemical
energy storage (Zhou and Han, 2021)."” Biradar’s team designed
and synthesized the NDI-1DP/CP and NDI-2DP/CP by
introducing dopamine (DP)-functionalized derivatives at the
imide position of NDI. The excellent stability was
demonstrated by NDI-2DP/CP up to 10,000 charge/discharge
cycles, and the retention of initial capacitance was almost 96% in
the three-electrode configuration setup (Biradar et al., 2021)".
Gu et al. constructed 3D polyimide frameworks by one-step
polymerization and used them as cathodes for LIBs. The 3D
polyimide electrode exhibited 96% capacity retention after
100 cycles at 50mA g' and 93% capacity retention after
3,000 cycles at 1,000 mA g'. This electrode also demonstrated
excellent long-term stability and reversibility in cycling (Gu et al.,
2021)." Generally, NDI derivatives are realized by high electron
affinity, which can be effectively tuned by different donor
substitutions (Masimukku et al., 2022).2° The two-dimensional
NDI-based polymer (2D-PAI@CNT) reported by Wang showed
excellent performance due to its unique n-conjugated structural
unit, which fully exhibited the redox characteristics of the NDI
unit. These doped carbon nanotubes show an obvious porous
structure with carbonyl groups as active groups, and the
utilization rate can reach more than 83%, ensuring the
efficient diffusion of ions in 2D molecular channels (Wang
et al, 2019)*". Therefore, the synthesis strategies of NDI
derivatives are mainly to functionalize the structure or expand
their conjugated systems to increase redox-active centers. In this
way, the performance of cycling stability, solubility, and
conductivity of its derivatives can be regulated effectively
(Chen et al., 2017)*. For example, Wu et al. (2021) prepared
a 3D m-conjugated covalent triazine core framework (Azo-CTF)
with triazine as the electron-rich center and azo unit as the redox
active linkers (Wu et al,, 2021)*. This demonstrates that the
strategy of synchronously orderly introducing electron
withdrawing units and redox active units into the conjugated
polymer backbone is feasible and effective. In addition, NDI has
also appeared in the research of aqueous ion batteries. Since the
repeated co-intercalation/extraction of hydrated H*/Zn’" can
lead to the volume expansion of the material (Zhang et al.,
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2022)**, some researchers have suppressed H* intercalation by
introducing NDI to control the depth of discharge (Na et al.,
2020)%.

In this study, we focused on exploring the electrochemical
properties of an NDI- derived organic cathode material. It is
wildly noted that, by modifying the conjugated structure, the
cycle stability of the battery can be optimized, multi-electron
reactive groups can be constructed, redox active sites can be
increased, and the proportion of inactive groups can be reduced.
So, the flexible structure and easily tunable performance
parameters of NDI make it possible to optimize the cycling
stability of batteries. Here, we synthesized an NDI derivative of
2,7-bis (2-((2-hydroxyethyl) amino) ethyl) benzo [lmn] [3,8]
phenanthroline-1,3,6,8(2H, 7H)-tetraone (NDI-NHOH) via
one-step process, and analyzed the relationship between
molecular structure and electrochemical performance when
NDI-NHOH was used as a cathode material in LIBs. For
solving the poor conductivity of the material, NDI-NHOH
was mixed with acetylene black and polyvinylidene fluoride
(weight ratio of 6:3:1) as the composite cathode for lithium
metal-based LIBs. After testing, it shows a first discharge
capacity of 78.1 mAh g at 0.1 C, and still maintains 68.0%
after 20 cycles. The physical properties, including infrared
(XRD),
energy dispersive

absorption spectroscopy (IR),

scanning electron microscope

X-ray diffraction
(SEM),
spectroscopy (EDS) and X-ray photoelectron spectroscopy
(XPS), were also carried out. The characterization results
show that the electrochemical performance is effectively
improved when NDI-NHOH is used as a composite cathode.
Through this study, it can further expand the research interests
on the mechanism of NDI composite electrodes and provide
helpful experience for the design and synthesis of similar new
materials. At the same time, we hope to provide potential options
for organic electrode materials in LIBs.

2 Experimental

2.1 Synthesis

The target organic small molecule NDI-NHOH was
synthesized according to the published paper, which was
prepared feasibly via the one-step process (Sissi et al., 2007).
the NDI-NHOH, the reactants of 1,4,5,8-
naphthalenetetracarboxylic dianhydride N-(2-
hydroxyethyl) ethylenediamine were refluxed in DMF for 8 h.

To obtain
and

2.2 Batteries fabrication and performance
measurement

Electrochemical performance tests were completed in an Ar-
fulfilled glove box using CR2025-type coin cells. Using Li metal as
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the counter electrode, Celgard 2,500 as the separator, and 1 M
LiTFSI in EC-DMC (1:1 v/v) as the electrolyte, the coin cells were
built. Active material (organic material), acetylene black, and
polyvinylidene fluoride (PVDF) were mixed with N-methyl-2-
pyrrolidone (NMP) in a weight ratio of 6:3:1 to produce the
working electrode. The slurry was then applied on Al foil and
dried for 12 h at 120°C in a vacuum oven. For the cathode, a 12-
mm-diameter disc of the produced electrode with an areal
coating density of around 0.80 mg/cm2 was fashioned. The
battery testing equipment (Newware CT-4008, P. R. China)
was used to conduct galvanostatic charge-discharge
experiments in the potential range of 15-35V (1C =
350 mAh g). Cyclic voltammograms (CV) were recorded
from the electrochemical workstation of the CH660E model
(CH660E, CH Instruments, Chenhua Co., Ltd, Shanghai) at
room temperature. IR measurements are performed on Bruker
Tensor 27 spectrometer (Bruker Optics, Inc., Billerica, MA).
D/Max-3c
multifunctional X-ray diffractometer at angles of 0°-80°
(Dandong Haoyuan Instrument CO., Ltd, China). At the same
time, the micro-morphological characterizations are carried out
on the SEM of the model SU 8020 (Hitachi, Japan). EDS is done
on the EMAX evolution X-Max 80/EX-270 (HORIBA, Japan).
XPS test is finished on model Escalab Xi+ (Thermo Fisher

Scientific, Waltham, United States).

XRD measurements are performed on a

3 Results and discussion

3.1 Scanning electron microscope, energy
dispersive spectroscopy and x-ray
photoelectron spectroscopy analysis

The SEM was characterized to investigate the surface
morphology of the organic cathode. As shown in Figures
1AF, the powder sample of NDI-NHOH is mainly elongated
structures with some small particles whose molecular stacking is
disordered, and the arrangement is not uniform. While, the
particles observed by the mixed electrode have been tightly
agglomerated and become uniform and orderly because of the
addition of acetylene black and polyvinylidene fluoride. At the
same time, it can be observed that acetylene black is successfully
attached to the NDI-NHOH, which has become a relatively
small-sized material with a large surface area. The steric order
and the smaller size of the materials can provide a larger specific
surface, which can effectively improve the ion transport between
the electrode and the electrolyte (Xu, et al., 2008)*’. In addition, it
is observed in the SEM image that acetylene black is well covered
on NDI-NHOH after adequate mixing. This is also confirmed by
the EDS images (Figures 1B-E,G-]) that the NDI-NHOH is
mixed well in the composite cathode materials when acetylene
black exists as a conductive moiety. This performance implies
that the preparatory purpose of increasing the conductivity of the
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FIGURE 1
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N Kal2

(A) SEM images of NDI-NHOH sample, (B) element content spectrum of NDI-NHOH sample, (C-E) elemental C, N, O mapping images of raw
NDI-NHOH sample, respectively; (F) SEM images of NDI-NHOH based electrode, (G) element content spectrum of NDI-NHOH based electrode,
(H-J) elemental C, N, O mapping image of NDI-NHOH based electrode, respectively.

electrode by mixing acetylene black has been achieved (Merzouki
and Haddaoui, 2012)%,

The XPS measurement was characterized to study the
elementary composition and sample surface further. As
shown in Figures 2A-C of raw NDI-NHOH, the spectra of C
1s contain two peaks located at 286.3 and 288.7 eV, respectively,
which correspond to the groups of C=C and C=O bonds,
respectively. A peak at 532.2 eV can be observed as the O 1s
spectrum, corresponding to the C=0 group. It can be found that
when NDI-NHOH is mixed into an electrode sheet, the
structure of C=0O decreases and C=C increases due to the
addition of acetylene black (Figures 2D-G). The peak of N
element is observed at about 400 eV in the spectrum of N 1s, but
the peak of N element is reduced due to the addition of
acetylene black and polymer binder. In addition, a strong
peak of F element was also detected at 688eV in the
electrode due to the addition of polyvinylidene fluoride as
the binder.

3.2 X-ray diffraction and IR analysis

The XRD was used to measure the raw NDI-NHOH and
composite materials to test the stacking properties of molecule
and cathode materials. In this test, the scan angle is in the range
of 0-80°. It can be seen from Figure 3A that six diffraction peaks
are observed in the NDI-NHOH powder, where the first
diffraction peak appears at 9.63". In addition, the diffraction
peaks of NDI-NHOH clearly appeared with different intensities
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between 9 and 27°. This indicates that the NDI-NHOH has a
high degree of crystallization, but the orientation of the crystals
is relatively disordered, which is also confirmed by the results
observed in Figure 1. From Figure 3B, it can be seen that the
NDI-NHOH-based electrode
diffraction peak at 26.5° with a greater intensity, which

observes a more obvious
indicates that under the influence of the high adhesion of
PVDF and conductive acetylene black, the crystallinity of the
mixed electrode is changed and the materials mixing is better
(Wang et al., 2020)%.

In order to investigate the molecular composition in the
mixed cathode materials, the IR measurement was used to
analyze these materials. As shown in Figure 3C, in the NDI-
NHOH sample, it has a distinct C-H bending vibration peak at
2,810 cm™" and a C=O stretching vibration at 1,654 cm™. In
addition, the NDI-NHOH molecule has a distinct N-H in-plane
bending vibration peak at 1,574 cm ™' and an O-H out-of-plane
bending vibration peak at 761 cm™'. In Figure 3D, due to the
mixing of NDI-NHOH and acetylene black, the shape of the
C=0 peak has a certain influence, but there are basically
1,654 cm™!
Notably, due to the introduction of a large amount of

stretching vibrations near in both figures.
acetylene black and polymer binder, it can be found that the
absorption and stretching vibration peaks of C-O and C-N
change sharply around 1,000 cm™ (Figure 3D). Other peaks,
such as N-H and O-H characteristics, are almost unchanged.
Overall, the changes in the IR are consistent with changes in the
structure of the molecule and the mixing materials (Wei et al.,
1994)%.
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FIGURE 2

XPS spectra of NDI-NHOH sample: (A) C element, (B) N element and (C) O element; XPS spectra of NDI-NHOH based electrode: (D) C element,

(E) N element, (F) O element and (G) F element.

3.3 Electrochemical properties

The work mechanism of NDI-NHOH as cathode electrode in
LIBs is present in Figure 4A. It shows that the existed C=0 groups

Frontiers in Chemistry

in NDI-NHOH can accept the lithium ions easily to form a C-O-Li
structure, where the entire molecule can undergo a redox reaction
based on two lithium ions. Through the calculation, the theoretical
capacity of NDI-NHOH was about 122 mAh g".
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XRD curves of (A) NDI-NHOH sample, and (B) NDI-NHOH based electrode; IR curves of (C) NDI-NHOH sample, and (D) NDI-NHOH based

electrode.

To characterize the battery performance, we tested the charge
and discharge process at the different currents from 0.05, 0.1, 0.2, 0.5,
1.0, 2.0-5.0 C, respectively (as shown in Figure 1B). The capacity
fluctuations in the first five cycles at 0.05C rate can be attributed to
dissolution of organic active materials in electrolytes and incomplete
lithiation/delithiation in EC-DMC (Sun et al., 2021%"; Chang et al,,
2018%). The discharge specific capacity of NDI-NHOH can reach
83.42, 45.80, 36.63, 27.49, 20.33 13.10, and 2.7 mAh g, respectively.
From this point, it can be seen that the active material utilization rate
of this material is low at high current, and the discharge capacity at
0.5C drops to about 30 mAh g, which may be due to the nature of
the electrolyte itself. It is wildly noted that the ionic electrolyte (1M)
has a certain viscosity, and rapid charge and discharge under a high
current will reduce the dissociation of ions to a certain extent
(MacFarlane et al, 2007)”. After 35 cycles, when the current
returned to 0.1C immediately, the discharge capacity reached
3623 mAh g at the same time, and there was a slow upward
trend. This shows that the recovery of the charging capacity is
acceptable. The charge/discharge curves of NDI-NHOH cathodes
at different current densities are shown in Figure 1C. The discharge
curve at 0.05 C shows the longest second discharge plateau. Although
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the current density increases inevitably leading to an increase in
overpotential, the NDI-NHOH cathode can provide a smooth
discharge plateau even at 0.2C. As shown in Figure 1D, the
capacity retention rate of NDI-NHOH during long cycling is
relatively good at the current of 0.1C, where the first discharge
capacity is 78.1 mAh g™, and the capacity after 20 cycles is also
53.1 mAh g This is 68.0% of the initial capacity with a capacity
decay rate of 1.9% per cycle, which indicates that this cathode shows
good cycle stability. It is speculated that the decay of discharge
capacity is related to partially irreversible changes in the structure
of the material after cycling, such as the reduction of the C=0 bonds.
It can be seen from the test results in Figure 1D that the coulombic
efficiency from the 4th to 13th times is stable at above 99%, and the
coulombic efficiency after the 13th time rises and stabilizes above
100%. The overall coulombic efficiency curve of the material is
relatively flat and high, indicating that the utilization rate of active
materials can always be guaranteed during the charge-discharge cycle.

The redox reversibility can also be studied by the derivative
plots (dQ/dV vs. voltage) of the charge-discharge curves. As shown
in Figure 4E, there are two reduction peaks at 2.36 and 2.62 V,
respectively, corresponding to two step of lithium storage reaction
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FIGURE 4

(A) The work mechanism of NDI-NHOH electrode; (B) rate performance, (C) charge-discharge profiles, and (D) charge-discharge cycle curves;
(E) differential capacities (dQ/dV) vs. voltage plots for the initial charge-discharge curves at 0.05 C of NDI-NHOH electrode, (F) Galvanostatic
discharge and charge curves at 0.05 C and (G) Galvanostatic discharge and charge curves at 0.1 C; (H) Nyquist plot from EIS measurement.

for NDI-NHOH electrode. During the first charge process, two
redox peaks occur at 2.43 and 2.67 V, respectively, referring to the
reduction reaction. In the following cycles, no deviation in the peak
position is observed, however, the peak area is slowly decreased,
which means the NDI-NHOH electrode exhibits good reversibility
for reduction and oxidation along with slowly capacity fading.
These results are well coincided with the work mechanism as
displayed in Figure 4A.
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Through the charge-discharge curves at 0.05C of Figure 4F,
during the charging process, the NDI-NHOH composite cathode
displays a bimodal potential curve with a brief plateau at a
potential of 2.54V and a longer plateau at a potential of
3.22V. While discharging, it shows a symmetrical change in
performance between the charge and discharge phases, with a
brief plateau at the higher potential of 2.32V and a lengthy
plateau at the lower potential of 2.14 V, respectively. These
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electrochemical behaviors are consistent with the cyclic
voltammetry (CV) characteristics of NDI-NHOH composites.
During the first cycle at 0.05C, the composite cathode exhibits a
discharge capacity of 77.2mAh g, a charge capacity of
83.2mAh g, and a decay rate of only 4% after the third
cycle. The theoretical capacity and practical capacity at slow
rates of NDI-NHOH are higher than those reported for an NDI-
based covalent organic framework (TAPB-NDI COF with the
theoretical capacity of 63 mAh g™') (Jhulki et al., 2021°*). When it
was cycled at 0.1C, a 62.4% of the capacity was still retained after
the 20 cycles. The smooth curve shows that the overall discharge
capacity trend is similar to that of the first cycle when it is after
20 cycles (Figure 4G). Therefore, this organic cathode shows
good long-term cycling stability, proving its potential application
prospects in LIBs. However, compared with the CL-DVP-NDI
(with the discharge capacity of 121.3mAh g' and 84%
remaining after 200 cycles) reported by Sharma’s group, the
theoretical capacity and cycle performance are lower, which
maybe because the NDI polymer can inhibit its dissolution
better in organic electrolytes (Sharma et al, 2022%°). But,
NDI-NHOH does not require complicated synthesis making
advantage. Moreover, the
electrochemical impedance spectra (EIS) of the NDI-NHOH
electrode were measured and shown in Figure 4H. The

its low cost a significant

Nyquist plot is constituted of a high-frequency semicircle and
a low-frequency straight line. The highest-frequency intercept is
attributed to the internal resistance (R;) of total resistance of the
electrolyte, separator and current collector (Zheng et al., 2018
Ding et al., 2018%7; Zhao et al.,, 2018). The middle-frequency
semicircle is due to the charge transfer resistance (R,). The
straight line at the low frequency is associated with lithium-
ion diffusion in the electrode. The charge-transfer resistance (R,)
for NDI-NHOH is 697.1 Q. Furthermore, the
electronic conductivity (o) is calculated from R, via Equation
in Figure 4H, where [ is the thickness of the electrode (~30 um),
and A is the area of the electrode (1.13 cm?). The calculated
electronic conductivity of the NDI-NHOH electrode is 3.81 x
1077 S cm™. These results demonstrate that it can further achieve

electrode

theoretical lithium storage capacity and electrochemical
performance under the conditions of simple synthesis, and
also validate the previous theoretical calculations and reports

of NDI potential by Shi et al. (Shi et al., 2018%).

4 Conclusion

In conclusion, a new electrode material was successfully
obtained by extending 2,7-bis(2-((2-hydroxyethyl) amino)
[3,8] phenanthroline-1,3,6,8 (2H, 7H)-
tetraonetetrone molecule on NDI through very easy one-step

ethyl) benzo[lmn]
synthesis. And it is prepared as a cathode material by mixing with

acetylene black and PVDF binder in NMP. Compared with other
reported NDI electrode materials that require high-temperature
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preparation, condensation and a series of high-cost synthesis
methods, the preparation of NDI-NHOH is much shorter and
the cost is much lower, which is one of the great advantages of
this electrode material (Sharma et al., 2022; Mumyatov et al.,
2019*). The relevant physical properties were characterized by
XRD, SEM, EDS, IR and XPS detailedly. As a derivative of NDI,
this material exhibits a wide electrochemical window of 1.5-3.5V,
and the highest discharge specific capacity can reach more than
80 mAh g in LIBs. The physical properties also prove that C-N
and C=0 groups can be used as active sites for redox reactions to
provide higher discharge capacity and energy density. Since NDI-
NHOH is an organic material, we speculate that it is possible to
use NDI-NHOH as a host material in LIBs. Considering the
unique properties of NDI-NHOH, such as low density, synthetic
gradients and low price, this research may open up new
possibilities for the individualized development of cathode
materials. Moreover, the electrode material has a faster
capacity decay under high current, which is possible because a
small number of organics dissolve to electrolyte during charge
and discharge, resulting in rapid capacity decay (Lu et al., 2018)*".
The carbonyl-based organic electrode materials often do not
contain redundant non-redox-active functional groups, while it
enables carbonyl compounds to provide higher discharge
capacity. Therefore, it may be possible to further increase the
capacity of these organic cathode materials by introducing
additional redox sites into electrode materials or by creating
polymers with layered morphologies. (Cui et al., 2021)**.

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding authors.

included in article/supplementary = material,

Author contributions

ML and BZ put forward the design ideas and concepts of
electrode and the framework of the article. ZW synthesized the
molecule and wrote the first draft and finished the formatting to
the figures. Under the guidance of PZ, CZ, JJ, ZD, and ZW
completed the test of electrochemical properties and the
characterization data of objects. MLL and BZ supervised and
revised the scientific language and logic of this article and made
significant contributions to the revision of the article. All authors
reviewed submissions before uploading.

Funding

This work was supported by the National Natural Science
Foundation of China (51863002, 51973042) and Major Project of

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1056244

Wang et al.

Natural Science Foundation of Guizhou Province (Grant No.
QKHJC-ZK [2021] ZD048).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Ali, S., Jameel, M. A, Harrison, C. J., Gupta, A., Shafiei, M., and Langford, S. J.
(2022). Nanoporous naphthalene diimide surface enhances humidity and ammonia
sensing at room temperature. Sensors Actuators B Chem. 351, 130972. doi:10.1016/j.
snb.2021.130972

Biradar, M. R, Salkar, A. V., Morajkar, P. P, Bhosale, S. V., and Bhosale, S. V.
(2021). Designing neurotransmitter dopamine-functionalized naphthalene diimide
molecular architectures for high-performance organic supercapacitor electrode
materials. New J. Chem. 45 (21), 9346-9357. doi:10.1039/D1NJ00269D

Chang, X., Zheng, X., Guo, Y., Chen, J.,, Zheng, ], and Li, X. (2018). Plasma-
processed homogeneous magnesium hydride/carbon nanocomposites for highly
stable lithium storage. Nano Res. 11 (5), 2724-2732. doi:10.1007/s12274-017-
1902-y

Chen, C., Zhao, X,, Li, H. B,, Gan, F, Zhang, J., Dong, J., et al. (2017).
Naphthalene-based polyimide derivatives as organic electrode materials for
lithium-ion batteries. Electrochimica Acta 229, 387-395. doi:10.1016/j.electacta.
2017.01.172

Cui, T. L,, Zhang, W. B., Chen, J. J., Zhang, B. W., Wang, H., and Zhang, X. J.
(2021). Fabrication of conjugated polyimides with porous crosslinked networks and
their application as cathodes for lithium-ion batteries. New J. Chem. 45 (40),
18764-18768. doi:10.1039/D1NJ03925C

Ding, Z., Zhang, D., Feng, Y., Zhang, F., Chen, L., Du, Y., et al. (2018). Tuning
anisotropic ion transport in mesocrystalline lithium orthosilicate nanostructures
with preferentially exposed facets. NPG Asia Mater. 10 (7), 606-617. doi:10.1038/
541427-018-0059-9

Gu, S., Chen, Y., Hao, R, Zhou, J., Hussain, L., Qin, N, et al. (2021). Redox of
naphthalenediimide radicals in a 3D polyimide for stable Li-ion batteries. Chem.
Commun. 57 (63), 7810-7813. doi:10.1039/D1CC02426D

Haupler, B., Wild, A., and Schubert, U. S. (2015). Carbonyls: Powerful organic
materials for secondary batteries. Adv. Energy Mater. 5 (11), 1402034. doi:10.1002/
aenm.201402034

Jhulki, S., Feriante, C. H., Mysyk, R., Evans, A. M., Magasinski, A., Raman, A. S,,
et al. (2021). A naphthalene diimide covalent organic framework: Comparison of
cathode performance in lithium-ion batteries with Amorphous Cross-linked and
linear analogues, and its Use in aqueous lithium-ion batteries. ACS Appl. Energy
Mater. 4 (1), 350-356. doi:10.1021/acsaem.0c02281

Kim, T., Song, W., Son, D., Ono, L., and Qi, Y. (2019). Lithium-ion batteries:
Outlook on present, future, and hybridized technologies. J. Mater. Chem. A 7 (7),
2942-2964. doi:10.1039/C8TA10513H

Kuang, X., Chen, S., Meng, L., Chen, J., Wu, X,, Zhang, G., et al. (2019).
Supramolecular aggregation of a redox-active copper-naphthalenediimide
network with intrinsic electron conduction. Chem. Commun. 55 (11),
1643-1646. doi:10.1039/C8CC10269D

Liang, Y., Zhang, P., and Chen, J. (2013). Function-oriented design of conjugated
carbonyl compound electrodes for high energy lithium batteries. Chem. Sci. 4 (3),
1330-1337. doi:10.1039/C3SC22093A

Liu, M., Fan, P., Hu, Q., Russell, T. P., and Liu, Y. (2020). Naphthalene-Diimide-
based Ionenes as Universal Interlayers for efficient organic solar cells. Angew. Chem.
Int. Ed. 132 (41), 18131-18135. doi:10.1002/anie.202004432

Liu, S., Peng, F,, Lin, Y., Zhou, W., and Huang, W. (2022). Structural modification
enhances the electrochemical performance for organic cathode materials. Chem.
Eng. J. 451, 139076. doi:10.1016/j.cej.2022.139076

Lu, Y., Zhang, Q., Li, L., Niu, Z., and Chen, J. (2018). Design strategies toward
enhancing the performance of organic electrode materials in metal-ion batteries.
Chem 4 (12), 2786-2813. doi:10.1016/j.chempr.2018.09.005

Frontiers in Chemistry

09

10.3389/fchem.2022.1056244

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

Lyu, H,, Sun, X. G., and Dai, S. (2021). Organic cathode materials for lithium-ion
batteries: Past, present, and future. Adv. Energy Sustain. Res. 2 (1), 2000044. doi:10.
1002/aesr.202000044

MacFarlane, D. R, Forsyth, M., Howlett, P. C., Pringle, J. M., Sun, J., Annat, G.,
et al. (2007). Ionic liquids in electrochemical devices and processes: Managing
interfacial electrochemistry. Acc. Chem. Res. 40 (11), 1165-1173. doi:10.1021/
ar7000952

Mahmud, S., Rahman, M., Kamruzzaman, M., Ali, M. O., Emon, M. S. A, Khatun,
H.,, et al. (2022). Recent advances in lithium-ion battery materials for improved
electrochemical performance: A review. Results Eng. 15, 100472. doi:10.1016/j.
rineng.2022.100472

Masimukku, N., Gudeika, D., Volyniuk, D., Bezvikonnyi, O., Simokaitiene, J.,
Matulis, V., et al. (2022). Bipolar 1, 8-naphthalimides showing high electron
mobility and red AIE-active TADF for OLED applications. Phys. Chem. Chem.
Phys. 24 (8), 5070-5082. doi:10.1039/D1CP05942D

Merzouki, A., and Haddaoui, N. (2012). Electrical conductivity modeling of
polypropylene composites filled with carbon black and acetylene black. ISRN Polym.
Sci. 2012, 1-7. doi:10.5402/2012/493065

Mumyatov, A. V., Shestakov, A. F., Dremova, N. N,, Stevenson, K. J., and Troshin,
P. A. (2019). New naphthalene-based polyimide as an environment-friendly
organic cathode material for lithium batteries. Energy Technol. 7 (5), 1801016.
doi:10.1002/ente.201801016

Na, M., Oh, Y., and Byon, H. R. (2020). Effects of Zn2+ and H+ association with
naphthalene diimide electrodes for aqueous Zn-ion batteries. Chem. Mater. 32 (16),
6990-6997. doi:10.1021/acs.chemmater.0c02357

Park, H., Kim, Y., Kim, D., Lee, S., Kim, F. S., and Kim, B. J. (2022).
Disintegrable n-type Electroactive Terpolymers for high-performance,
transient organic electronics. Adv. Funct. Mater. 32 (2), 2106977. doi:10.1002/
adfm.202106977

Sharma, S., Chang, Y., Chaganti, S., More, Y., and Lee, J. (2022). Cross-Linked
naphthalene diimide-based polymer as a cathode material for high-performance
organic batteries. ACS Appl. Energy Mater. 5 (6), 7550-7558. doi:10.1021/acsaem.
2c01014

Shi, Y., Tang, H., Jiang, S., Kayser, L. V., Li, M, Liu, F, et al. (2018).
Understanding the electrochemical properties of naphthalene diimide:
Implication for stable and high-rate lithium-ion battery electrodes. Chem.
Mater. 30 (10), 3508-3517. doi:10.1021/acs.chemmater.8b01304

Sissi, C., Lucatello, L., Krapcho, A. P., Maloney, D., Boxer, M., Camarasa, M., et al.
(2007). Tri-tetra- and heptacyclic perylene analogues as new potential
antineoplastic agents based on DNA telomerase inhibition. Bioorg. Med. Chem.
15 (1), 555-562. doi:10.1016/j.bmc.2006.09.029

Sun, X,, Geng, L., Yi, S., Li, C., An, Y., Zhang, X, et al. (2021). Effects of carbon
black on the electrochemical performances of SiO anode for lithium-ion capacitors.
J. Power Sources 499, 229936. doi:10.1016/j.jpowsour.2021.229936

Wang, C., Yang, Z., Yu, B, Wang, H.,, Zhang, K,, Li, G,, et al. (2022). Alkaline
soluble 1, 3, 5, 7-tetrahydroxyanthraquinone with high reversibility as anolyte for
aqueous redox flow battery. J. Power Sources 524, 231001. doi:10.1016/j.jpowsour.
2022.231001

Wang, G., Chandrasekhar, N., Biswal, B. P., Becker, D., Paasch, S., Brunner, E.,
etal. (2019). A crystalline, 2D Polyarylimide cathode for ultrastable and Ultrafast Li
storage. Adv. Mater. 31 (28), 1901478. doi:10.1002/adma.201901478

Wang, Y. L, Liu, B. X, Tian, G., Qi, S. L., and Wu, D. (2020). Research progress of
cathode binder for high performance lithium-ion battery. Acta Polym. Sin. 51 (4),
326-337. doi:10.11777/j.issn1000-3304.2019.19215

frontiersin.org


https://doi.org/10.1016/j.snb.2021.130972
https://doi.org/10.1016/j.snb.2021.130972
https://doi.org/10.1039/D1NJ00269D
https://doi.org/10.1007/s12274-017-1902-y
https://doi.org/10.1007/s12274-017-1902-y
https://doi.org/10.1016/j.electacta.2017.01.172
https://doi.org/10.1016/j.electacta.2017.01.172
https://doi.org/10.1039/D1NJ03925C
https://doi.org/10.1038/s41427-018-0059-9
https://doi.org/10.1038/s41427-018-0059-9
https://doi.org/10.1039/D1CC02426D
https://doi.org/10.1002/aenm.201402034
https://doi.org/10.1002/aenm.201402034
https://doi.org/10.1021/acsaem.0c02281
https://doi.org/10.1039/C8TA10513H
https://doi.org/10.1039/C8CC10269D
https://doi.org/10.1039/C3SC22093A
https://doi.org/10.1002/anie.202004432
https://doi.org/10.1016/j.cej.2022.139076
https://doi.org/10.1016/j.chempr.2018.09.005
https://doi.org/10.1002/aesr.202000044
https://doi.org/10.1002/aesr.202000044
https://doi.org/10.1021/ar7000952
https://doi.org/10.1021/ar7000952
https://doi.org/10.1016/j.rineng.2022.100472
https://doi.org/10.1016/j.rineng.2022.100472
https://doi.org/10.1039/D1CP05942D
https://doi.org/10.5402/2012/493065
https://doi.org/10.1002/ente.201801016
https://doi.org/10.1021/acs.chemmater.0c02357
https://doi.org/10.1002/adfm.202106977
https://doi.org/10.1002/adfm.202106977
https://doi.org/10.1021/acsaem.2c01014
https://doi.org/10.1021/acsaem.2c01014
https://doi.org/10.1021/acs.chemmater.8b01304
https://doi.org/10.1016/j.bmc.2006.09.029
https://doi.org/10.1016/j.jpowsour.2021.229936
https://doi.org/10.1016/j.jpowsour.2022.231001
https://doi.org/10.1016/j.jpowsour.2022.231001
https://doi.org/10.1002/adma.201901478
https://doi.org/10.11777/j.issn1000-3304.2019.19215
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1056244

Wang et al.

Wei, Z., Guo, H., and Tang, Z. (1994). Pretreatment of acetylene black: Influence
on electrochemical behaviour. J. Power Sources 52 (1), 123-127. doi:10.1016/0378-
7753(94)01949-5

Wu, C, Hu, M, Yan, X, Shan, G,, Liu, J., and Yang, J. (2021). Azo-linked covalent
triazine-based framework as organic cathodes for ultrastable capacitor-type lithium-
ion batteries. Energy Storage Mater. 36, 347-354. doi:10.1016/j.ensm.2021.01.016

Xie, J., and Zhang, Q. (2019). Recent Progress in multivalent metal (Mg, Zn, Ca,
and Al) and metal-ion rechargeable batteries with organic materials as promising
electrodes. Small 15 (15), 1805061. doi:10.1002/smll.201805061

Xie, J., and Zhang, Q. (2016). Recent progress in rechargeable lithium batteries
with organic materials as promising electrodes. J. Mater. Chem. A Mater. 4 (19),
7091-7106. doi:10.1039/C6TA01069E

Xu, B, Wu, F,, Chen, R, Cao, G., Chen, S., Zhou, Z, et al. (2008). Highly
mesoporous and high surface area carbon: A high capacitance electrode material for

EDLCs with various electrolytes. Electrochem. Commun. 10 (5), 795-797. doi:10.
1016/j.elecom.2008.02.033

Yuan, S., Zhang, H., Song, D., Ma, Y., Shi, X,, Li, C,, et al. (2022). Regulate the
lattice oxygen activity and structural stability of lithium-rich layered oxides by
integrated strategies. Chem. Eng. J. 439, 135677. doi:10.1016/j.cej.2022.135677

Frontiers in Chemistry

10

10.3389/fchem.2022.1056244

Zhang, Y., Zhao, C,, Li, Z., Wang, Y., Yan, L., Ma, ], et al. (2022). Synergistic co-
reaction of Zn2+ and H+ with carbonyl groups towards stable aqueous
zinc-organic batteries. Energy Storage Mater. 52, 386-394. doi:10.1016/j.ensm.
2022.08.005

Zhao, S., Sun, B, Yan, K,, Zhang, J., Wang, C., and Wang, G. (2018). Aegis of
lithium-rich cathode materials via heterostructured LiAlF4 coating for high-
performance lithium-ion batteries. ACS Appl. Mater. Interfaces 10 (39),
33260-33268. doi:10.1021/acsami.8b11471

Zheng, J., Yan, P, Estevez, L., Wang, C,, and Zhang, J. G. (2018). Effect of
calcination temperature on the electrochemical properties of nickel-rich
LiNi0.76Mn0.14C00.1002 cathodes for lithium-ion batteries. Nano Energy 49,
538-548. doi:10.1016/j.nanoen.2018.04.077

Zheng, S., Miao, L., Sun, T., Li, L., Ma, T., Bao, J., et al. (2021). An extended
carbonyl-rich conjugated polymer cathode for high-capacity lithium-ion
batteries. J. Mater. Chem. A Mater. 9 (5), 2700-2705. doi:10.1039/
D0TA11648C

Zhou, Y., and Han, L. (2021). Recent advances in naphthalenediimide-based
metal-organic frameworks: Structures and applications. Coord. Chem. Rev. 430,
213665. doi:10.1016/j.ccr.2020.213665

frontiersin.org


https://doi.org/10.1016/0378-7753(94)01949-5
https://doi.org/10.1016/0378-7753(94)01949-5
https://doi.org/10.1016/j.ensm.2021.01.016
https://doi.org/10.1002/smll.201805061
https://doi.org/10.1039/C6TA01069E
https://doi.org/10.1016/j.elecom.2008.02.033
https://doi.org/10.1016/j.elecom.2008.02.033
https://doi.org/10.1016/j.cej.2022.135677
https://doi.org/10.1016/j.ensm.2022.08.005
https://doi.org/10.1016/j.ensm.2022.08.005
https://doi.org/10.1021/acsami.8b11471
https://doi.org/10.1016/j.nanoen.2018.04.077
https://doi.org/10.1039/D0TA11648C
https://doi.org/10.1039/D0TA11648C
https://doi.org/10.1016/j.ccr.2020.213665
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1056244

	A low-cost naphthaldiimide based organic cathode for rechargeable lithium-ion batteries
	1 Introduction
	2 Experimental
	2.1 Synthesis
	2.2 Batteries fabrication and performance measurement

	3 Results and discussion
	3.1 Scanning electron microscope, energy dispersive spectroscopy and x-ray photoelectron spectroscopy analysis
	3.2 X-ray diffraction and IR analysis
	3.3 Electrochemical properties

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


