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Abstract

Organic electrode materials have become a hot research field in lithium-ion

batteries. However, the dissolution issue of organic materials (especially small

molecules) in traditional electrolytes has become one of the important reasons

to limit their application. The usage of highly concentrated electrolyte (HCE,

>3 M) has been demonstrated to solve this problem, where the electrochemical

performance of Pillar[5]quinone (P5Q) in 4.2 M LiTFSA/AN electrolyte was

investigated. The HCE can avoid the reaction between acetonitrile molecules

and lithium metal anode, reduce the dissolution of organic materials, and dis-

play excellent battery performance. At a current density of 0.2 C, a high spe-

cific capacity of 310 mAh g�1 (Ctheo = 446 mAh g�1) was maintained after

900 cycles, and the reversible capacity is higher than 113 mAh g�1 even at

10 C, indicating a good rate capability. This research would expand the new

application of acetonitrile-based electrolyte in organic secondary battery.
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1 | INTRODUCTION

Till now, lithium-ion batteries (LIBs) still occupy a domi-
nant position in the portable device market due to their
superior energy storage capacity.1–5 Especially, LIBs as
large-scale energy storage equipment have been widely
applied in new energy vehicles and smart grid storage sys-
tems.6,7 For ideal LIBs, high capacity, outstanding cycle sta-
bility and reliable safety are three key factors. However, in
practical, rechargeable battery capacity is mainly limited by
cathode.8–10 The practical capacity of lithium-containing

inorganic cathode is less than 200 mAh g�1, which cannot
match the practical specific capacity (above 330 mAh g�1)
provided by graphite anodes.11 Although organic materials
have high theoretical specific capacity with several advan-
tages including strong designability and good flexibility,
their solubility in traditional electrolytes strongly limit their
applications.12–14 Thus, improving the properties of material
itself as well as the optimization of the electrolyte become
important research directions. Especially for electrolytes,
plastic crystal electrolytes, and ionic liquid electrolytes have
been demonstrated to show outstanding performance.15–20

Received: 9 June 2021 Revised: 6 July 2021 Accepted: 6 July 2021

DOI: 10.1002/eom2.12128

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. EcoMat published by The Hong Kong Polytechnic University and John Wiley & Sons Australia, Ltd.

EcoMat. 2021;3:e12128. wileyonlinelibrary.com/journal/ecomat 1 of 8

https://doi.org/10.1002/eom2.12128

https://orcid.org/0000-0001-8712-4740
https://orcid.org/0000-0003-4992-9200
https://orcid.org/0000-0002-5030-4868
https://orcid.org/0000-0002-6970-6525
https://orcid.org/0000-0003-1854-8659
mailto:huangweiwei@ysu.edu.cn
mailto:qiczhang@cityu.edu.hk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ecomat
https://doi.org/10.1002/eom2.12128
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feom2.12128&domain=pdf&date_stamp=2021-08-01


Continuing on the electrolyte research, the highly concen-
trated electrolyte (the lithium salt concentration exceeds
3 M, even close to the saturation) recently receive wide-
spread attention again due to its excellent physical and
chemical stability.21–24 In some non-aqueous electrolytes,
when the concentration of lithium salt come up to a certain
value, the properties of the bulk and interface will undergo
benign changes, such as increased stability, decreased vola-
tility, promoted ion mobility, and inhibition of aluminum
current collector corrosion.25,26

As one of promising organic solvents used in non-
aqueous electrolytes, acetonitrile (AN) has several advan-
tages including strong oxygen resistance, high dielectric
constant, and fast ion transport ability.27,28 However, AN
is not suitable as a traditional electrolyte solvent in LIBs
with lithium metal as an anode because it can react with
lithium metal.29 Interestingly, in 2014, Yamada et al.30

found that increasing the concentration of lithium
bis(trifluoromethanesulfonyl)amide (LiTFSA) would
change the inherent low reduction stability of the AN sol-
vent, making Li+ and TFSA� with Li+-solvating AN sol-
vents form a unique network structure (aggregates, AGGs,
TFSA� coordinating to two or more Li+ cations), which
facilitated the application of AN in electrolytes. It is well
known that this behavior of increasing the electrolyte con-
centration is conducive to form solvated molecules and
reduce the free solvent, so as to avoid the dissolution of
organic electrode materials.31 Based on the above discus-
sion, in this research, we firstly applied 4.2 M LiTFSA/AN
electrolyte to organic secondary batteries, where Pillar[5]
quinone (P5Q) with a theoretical specific capacity of up to
446 mAh g�1 was employed as organic cathodes. We
found that the as-combined organic battery displayed a
splendid rate performance up to 10 C with a reversible
capacity of 113 mAh g�1. Moreover, a high specific capac-
ity was maintained of 310 mAh g�1 after 900 cycles at
0.2 C. We detailedly investigated the influence of 4.2 M
LiTFSA/AN electrolyte on the lithium-ion storage with
P5Q, and the result showed that the highly concentrated
LiTFSA/AN electrolyte promoted the performance of
organic electrode materials and is expected to be widely
used in organic secondary batteries.

2 | RESULTS AND DISCUSSION

2.1 | Adaptation of material and
electrolyte

The narrow energy gap (Eg) value is very important to
facilitate the rapid transmission of electrons in electrodes.
Previous calculation indicated that the Eg of P5Q was
3.43 eV by the density functional theory method, which is
suitable as cathodes in LIBs.32 In this research, the

experimental value of P5Q was calculated to be 3.75 eV
through the combination of UV–Vis differential spectra
analysis technology and the Tauc plot method
(Figure S1).33–35 Note that this value is still lower than
those of some organic materials (i.e., quinoxaline
(4.65 eV).36

The P5Q-Li half-cells were assembled with 1, 3, and
4.2 M LiTFSA/AN electrolytes to discover the chemical
reaction changes during the process of charging and dis-
charging by dQ/dV curve. As shown in Figure 1(A–F), the
reaction severely happened during the charging in 1 M
and 3 M electrolytes. In contrast, the 4.2 M electrolyte
showed normal redox characteristics. At the same time,
we disassembled the battery to view the changes in the
lithium negative electrode and the separator in Figure 1(-
G–I). The first two lithium metals produced yellow stains
and the separator also turned yellow, while the 4.2 M elec-
trolyte had no obvious change. These results are consistent
with those reported in the literature.30 Because the dissolu-
tion problem in traditional electrolyte seriously restricts
the application of organic materials, we compared the
absorption of P5Q cathode in 1.0 M LiPF6/EC-DMC (v:
v = 1:1) and 4.2 M LiTFSA/AN, analyzing the different
absorption of UV–Vis spectra in Figure S2. In 1.0 M
LiPF6/EC-DMC (v:v = 1:1) electrolyte, the P5Q absorption
peak was not initially detected, however over time, the
absorption intensity gradually increased. In 4.2 M
LiTFSA/AN electrolyte, no change was observed. These
results indicate that 4.2 M LiTFSA/AN has a dissolving
inhibitory influence on organic materials.

2.2 | Lithium storage mechanism of P5Q

The lithium storage mechanism of P5Q contributes from
the enolization reaction of C═O, and its redox process
was examined by the cyclic voltammogram (CV) curve in
Figure 2(A,B). The CV curves of P5Q-based cells in 4.2 M
LiTFSA/AN within a potential window of 1.2–3.9 V at a
scan rate of 0.2 mV s�1. There were two reduction peaks
stabilized at 2.48 V/2.76 V, respectively, whereas the two
corresponding oxidation peaks located at 2.59 V/2.82 V.
To further understand the responsible redox reactions
between carbonyl and Li-ions, the changes in bonding
state of P5Q was investigated and discussed for the first
time through the characterization of Fourier transform
infrared spectroscopy (FTIR). Figure 2(C) shows the dif-
ferent selected charge and discharge states for the ex-situ
characterization, where three main peaks including
C═O, Li O, and C O were detected, corresponding to
the wavelength of �1650, 1493, and 1158 cm�1, respec-
tively.37,38 During the discharge process, the transmission
of the C═O peak decreased, the Li O peak increased
and the C O peak changed slightly, suggesting that the
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oxygen atoms coordinated with Li-ions when the reduc-
tion reaction happened. On the contrary, the peak
changes were reversed during charging.

2.3 | Electrochemical performance of
P5Q in 4.2 M LiTFSA/AN

The cycle stability and rate performance profiles of P5Q
in 4.2 M LiTFSA/AN electrolyte were presented in
Figure 3(A–D). The P5Q cathode exhibited excellent cycle
stability with an initial capacity of 791 mAh g�1 (higher
than the theoretical capacity of 446 mAh g�1 and the ini-
tial coulomb efficiency of only 56%, which may be caused
by the solid electrolyte interphase [SEI]39) and
maintained 310 mAh g�1 after 900 cycles at 0.2 C.
Indeed, when the current density increased to 2 and
10 C, the batteries delivered 185 and 113 mAh g�1 of con-
siderable capacity, respectively. By comparing with the

reported performance of P5Q (Table S1), the results in
this work are more prominent.

In the powder XRD patterns (Figure S4), the pure
P5Q have strong peaks, indicating high crystallinity.
However, when the electrode was fabricated, no peaks
were observed due to the influence of Ketjenblack,
suggesting amorphous states. Also, there was no signifi-
cant change in full discharge (1.2 V) and full charge
(3.9 V), indicating the amorphous state was kept during
electrochemical processing. Furthermore, the scanning
electron microscopy (SEM) images of the P5Q electrode
after fully discharged and charged were provided and
compared in Figure 4(A–H). In the state of full discharge,
the P5Q electrode formed a compact layered connection
due to the intercalation of Li-ions, however, the cracks
may be caused by the uneven coating of the material or
the material accumulation and uplifting during the inser-
tion of lithium. In the full discharge process, relatively-
uniform voids were formed, caused by the deintercalation

FIGURE 1 The first cycle charge and discharge curve P5Q half-cell (A) 1 M, (B) 3 M, (C) 4.2 M LiTFSA/AN. The dQ/dV curve (D) 1 M,

(E) 3 M, (F) 4.2 M LiTFSA/AN. The lithium negative electrode and separator after the first charge and discharge: (G) 1.0 M, (H) 3.0 M,

(I) 4.2 M LiTFSA/AN, respectively
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of Li-ions. At the same time, the internal active material
was confirmed to participate in the charging and dis-
charging process. What's more, even after 100 cycles, the
morphology under the charge and discharge state did not
show significant change, which provided a strong evi-
dence for the excellent cycle performance.

In order to study the electrochemical kinetic, the elec-
trochemical impedance spectroscopy (EIS) of the system
was tested and compared with the 1 M LiPF6-EC/DMC
electrolyte in Figure 5(A,B). The change of resistance has
experienced a process of gradual increasement from
small to large and then to small again. The decreased
impedance may be due to the improved contact between
the active material and the viscous electrolyte during the
cycle, or the formation of ion-channel-like with repeated
charge and discharge, accelerating charge exchange. The
increase may contribute from the deterioration of
the contact between the active material and the conduc-
tive carbon during the repeated dissolution-redeposition
process.31,40 The impedance change of 4.2 M LiTFSA/AN
system is smaller than that of 1 M LiPF6-EC/DMC within

100 cycles, which might be attributed to the improve-
ment of the dissolution-redeposition process in the high
concentration system, leading to the more outstanding
performance.

Moreover, the CV curves of variable-scan have been
conducted to investigate the rapid Li-ion-transporting
behavior of P5Q in Figure 6. The conductivity contribu-
tion rate of the capacitive-like reaction and the b value
were analyzed through log i = b log v + log a.37,41,42 In
the range of 0.2–1.0 mV s�1 at different scan rates, the
pseudocapacitance characters of P5Q is 77.53% at
0.2 mV s�1, suggesting that this is a surface-controlled
electrochemical behavior. Therefore, the diffusion dis-
tance of Li-ions is effectively shortened and the
oxidation–reduction reaction is accelerated.

3 | CONCLUSION

In summary, the electrochemical performance of P5Q-
4.2 M LiTFSA/AN system have been investigated and

FIGURE 2 (A) P5Q lithium storage

mechanism, (B) 0.2 mV s�1 cyclic

voltammogram curve, (C) FTIR spectra

of the electrolytes for different states

intervals of cathode
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discussed. The P5Q cathode possessed a long cycle life of
310 mAh g�1 for 900 cycles at 0.2 C, and the splendid
rate performance of 113 mAh g�1 at 10 C. Through

different characterization methods, the stability of P5Q
under the system is explained as well. Moreover, the dual
function of AN electrolyte system was realized, which

FIGURE 3 (A) 0.2 C long cycle, (B) 0.2 C charge–discharge, (C) rate performance, (D) rate charge–discharge curve of P5Q in 4.2 M

LiTFSA/AN electrolyte

FIGURE 4 Scanning electron microscopy images of (A) 1.2 V discharged (10 μm), (E) 1.2 V discharged (1 μm), (B) 3.9 V charged

(10 μm), (F) 3.9 V charged (1 μm) at 1 cycle. (C) 1.2 V discharged (10 μm), (G) 1.2 V discharged (1 μm), (D) 3.9 V charged (10 μm), (H) 3.9 V

charged (1 μm) at 100 cycle of cathode
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could solve the material dissolution problem by stopping
the reaction with lithium metal. These suggest that the
dual function of AN electrolyte should have a great
potential to improve the performance of organic electrode
materials in the future.

4 | EXPERIMENTAL SECTION

P5Q was synthesized by a multi-step process according to
the reported literatures.32,43,44 1H NMR (Figure S6), ESI-
MS (Figure S7), and FTIR (Figure S8) of the as-prepared

FIGURE 5 The electrochemical impedance spectroscopy tests of (A) P5Q-1 M LiPF6-EC/DMC, (B) P5Q-4.2 M LiTFSA/AN

FIGURE 6 (A) Cyclic voltammogram curves of P5Q at various scan rates. (B) Linear relationship between the peak current and scan

rate. (C) Determination of b-value using the relationship between the peak current and scan rate. (D) Capacitive-controlled contribution to

charge storage of P5Q scan rate of 0.2 mV s�1
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P5Q were provided in supporting information. The work-
ing electrode was prepared by mixing P5Q: Ketjenblack:
polyvinylidene fluoride with a weight ratio of 3:6:1 binder
in 1-methyl-2-pyrrolidone, and then, the slurry was
pasted on aluminum foil and vacuum-dried at 80 �C for
12 h. The CR2032 coin cell was assembled in an argon-
filled glove box with lithium foil as the anode, 4.2 M
LiTFSA/AN (molar ratio 1:1.9) as the electrolyte, and
glass microfiber filter (0.7 μm) as the separator. FTIR
spectra were performed on a FT-IR650, and the morphol-
ogies of the samples were observed on SEM (JSM7500F).
On the battery test system (LAND CT2001 A), coin cells
were charged/discharged with the voltage range of 1.2–
3.9 V, and the contribution of Ketjenblack (Figure S3)
has been subtracted from the measured values. The cyclic
voltammetry (CV) curve (1.2–3.9 V, 0.2 mV s�1) was
recorded on the CHI660E. EIS measurements were per-
formed at 2.9 V with the frequency range of 105 to
10�2 Hz. All electrochemical tests were carried out at
room temperature.
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