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Rechargeable lithium-ion batteries (LIBs), which are cur-
rently based on the exchange of Li/Li* between a graphite
(Li,C¢) anode and an inorganic lithium-transition-metal-
oxide cathode, have been widely used in portable electron-
ics.'! However, the further application of LIBs in the areas of
large-capacity and high-power electronics, electrical vehicles,
and smart grids is still limited. Critical issues are the low
capacity, low energy/power density, short life, high cost, and
low safety of the batteries. Among various strategies, one
interesting approach is to find redox-active organic materials
with high capacities and low cost.”! Recently, carbonyl
organic compounds, such as Li,C,04 (Cpeo =589 mAhg™)
and pyrene-4,5,9,10-tetraone (Cy,e, =409 mAhg™") have been
considered as promising materials for the cathode of LIBs
primarily owing to their high theoretical gravimetric capaci-
ties.”®3 However, the electrochemical performance of those
materials as the cathode of LIBs was always poor because
they suffer from severe solubility in liquid organic electrolyte.
As an attempt to solve this problem, it is found that grafting
a soluble active “monomer” organic molecule to an insoluble
inactive substrate, such as SiO, helps.ll However, the tested
molecule, which is a quinone derivative of calix[4]arene, only
has a low theoretical capacity (189 mA hg™'). Moreover, since
the ion conduction and transport in electrolyte is so important
in electrochemical energy conversion and storage,” the
solubility problem of organic materials in electrolyte has
been effectively mitigated by accommodating soluble qui-
nonic cathode materials in quasi-solid-state cells.! For
example, a capacity exceeding 200 mAhg ! with excellent
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cyclability has been obtained for tetracyanoquinodimethane
(TCNQ)-based all-solid-state cells with a silica room-temper-
ature ionic liquid (RTIL) composite quasi-solid electrolyte./*"
More recently, by using the same electrolyte, a capacity of
approximately 300 mAhg™' with a power density of
540 Whkg ' has been achieved by 2,5-dihydroxy benzoqui-
none (DHBQ)-based solid-state cells.*”)

Wright’s group discovered the ionic conductivity of
poly(ethylene oxide) (PEO) doped with alkali-metal salt
complexes in 1973.”! Armand and co-workers studied poly-
mer electrolyte used for solid-state electrochemical devices
a few years later.®! Although this system offers very low ionic
conductivity (ca. 10°%Scm™ at room temperature),” it
stimulated the study of gel polymer electrolyte (GPE),
which displays a much higher conductivity through the
introduction of an organic aprotic dipolar solvent into the
polymer matrix. To date, a series of polymer hosts, such as
PEO, poly(propylene oxide) (PPO), poly(acrylonitrile)
(PAN), poly(methyl methacrylate) (PMMA), poly(vinyl
chloride) (PVC), poly(vinylidene fluoride) (PVdF), and
poly(vinylidene fluoride hexafluoro propylene) (PVdF-
HFP) have been developed."” Among various polymer
matrices, PEO-based polymers are the most thoroughly
studied because the CH,CH,O unit in the PEO chain has
a good solvating ability with respect to Li" ions and the
polymer chain segments are highly mobile.”'"! As a low-
molecular weight polyether, poly(ethylene glycol) (PEG)
which offers similar advantages has been investigated in
LIBs.'" Our group reported a poly(methacrylate) (PMA)/
PEG-based GPE as the electrolyte of dye-sensitized solar
cells (DSSCs), which shows satisfactory ionic conductivity
that is benefited from its ability of entrapping large numbers
of liquid electrolyte.'”! The question arises how about PMA/
PEG-based GPE as the electrolyte of organic LIBs when
using a traditional LIB electrolyte, such as LiClO, in dimethyl
sulfoxide (DMSO) to replace the DSSCs liquid electrolyte,
such as Lil and I, in a mixed solution of ethylene carbonate
(EC) and propylene carbonate (PC)). Herein, we report the
extension of a PMA/PEG-based GPE loading LiClO, in
DMSO for organic LIBs using a high capacity carbonyl
compound calix[4]quinone (C,sH;(Og, C4Q, Cyo=
446 mAhg™") as the cathode with desirable electrochemical
performance (a capacity of ca. 380 mAhg! has been main-
tained after 100 cycles at 0.2C charge/discharge rate).

Figure 1a shows the fabrication process of the PMA/
PEG-based GPE. The synthesis details are described in the
Experimental Section. Figure 1b,c show photographs of the
as-prepared PAM/PEG hybrid and PMA/PEG-based GPE
with LiClO,/DMSO loading, both are a homogeneous semi-
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of the low utilization of the available active sites.”**" Over
the past few years, much attention has been focused on
calixarenes because of their ability to bind ions or
molecules into their cavities.!"” However, the quinone
derivatives of calixarenes could be more appealing owing
to the oxidative properties of the quinone moieties.[*°!
We note that a calixarene derivative, calix[4]quinone,
which bears four quinone units, has a large theoretical
capacity of 446 mAhg™'. More importantly, as the
molecular macrocyclic C4Q is composed of a cyclic
array of p-quinone linked by a methylene groups, the
carbonyl groups are not sterically encumbered, and are
thus available to take up the full quota of 8Li (Scheme 1).
Hence, C4Q has been chosen as the cathode material of

—a— Liquid
—e—PMA
—A— PMA/PEG

LIBs.

The target molecule C4Q was obtained from calix[4]-
arene (commercially available) through three steps:
diazocoupling reaction, reduction, and oxidation
(Scheme S1, see Supporting Information).’”! Elemental
analysis, infrared spectrum (Figure S1), NMR (Fig-
ure S2), and mass spectra (Figure S3) were used to
characterize the as-prepared C4Q, which was in the

Concentrition of LiCIO, / mol L'—

Figure 1. a) lllustration of the preparation process of the PMA/PEG-based
gel polymer loading LiClO,/DMSO electrolyte. Photographs of b) a PMA/
PEG hybrid and c) a PMA/PEG-based gel polymer loading LiClO,/DMSO
electrolyte in the inverted glass bottle bottom. d) Effect of the LiCIO,
concentration on the ionic conductivity of the liquid and gel polymer
electrolyte.

transparent motionless mixture. Figure 1d shows the varia-
tion of ionic conductivity of PMA/PEG-based electrolyte as
a function of the concentration of LiClO, in DMSO at room
temperature. For comparison, the ionic conductivities of the
liquid electrolyte and PMA-based GPE have also been tested.
It is clearly seen that the presence of PEG can enhance the
conductivity of the GPE through its ability to act as an
absorbent of the liquid electrolyte.®! Although the conduc-
tivity of the gel electrolyte (107*-0.57 x 10> Scm™) is about
20-fold lower than that of the liquid electrolyte, it is still
acceptable for the basic requirement of LIBs (on the order of
107 Scm™! at room temperature).!"! The conductivity of the
liquid and quasi-solid-state electrolyte increases with increas-
ing the concentration of LiClO,, because the higher salt
concentration results in more charge carriers. When the
concentration of LiClO, reaches 0.7 mol L™, the conductivity
nearly attains the maximum value. Among the GPEs inves-
tigated, the PMA/PEG-based hybrid loading with a liquid
electrolyte of 0.7 mol L' LiClO, in DMSO solution gives the
highest ionic conductivity of 0.57 x 10> Scm™'. Therefore, it
has been used as the electrolyte for quasi-solid-state lithium
cells.

Why choose calix[4]quinone as the active material of the
cathode of LIBs? Although high theoretical gravimetric
capacities of carbonyl compounds could be obtained by the
combination of large number of carbonyl groups and a low
molecular weight, the practical capacity is always low because
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form of pale yellow powders and lamellar morphology
(Figure S4). The full utilization of carbonyl groups is
shown by the electrochemical measurement of C4Q
cathode for LIBs either in liquid electrolyte (1M LiPFg in
a mixed solvent of EC and dimethyl carbonate (DMC)
(1:1 in volume); Figure S5) or in the as-prepared PMA/
PEG-based GPE with LiClIO,/DMSO loading (Figure 2).
As shown in Figure S5, the C4Q cathode in the liquid

i i OLi
Lio OLi OLi

+8¢7, +8Li+

8¢, -8Li*

/
OLi oOLi g LiO
LigCysH;60s5
Scheme 1. Molecular formula and proposed electrochemical redox
reactions of Cy3H O3 (C4Q) to give LigCyH405, showing a theoretical
capacity of 446 mAhg .

electrolyte delivered an initial capacity of 431 mAhg™!
(96.6% of the theoretical capacity) at 0.2C, but only
preserved approximately 100 mAhg™' after five cycles
owing to C4Q dissolution, as demonstrated by UV/Vis
absorption spectra (Figure S6).

Figure 2 shows the electrochemical performance of the
C4Q cathode in PMA/PEG-based GPE. Figure 2 a shows the
cyclic voltammogram (CV) curves of C4Q electrode between
1.5 and 3.5 V at a scan rate of 0.1 mVs™'. A reduction peak at
around 2.78 V with a broad shoulder at 2.41 V is assigned to
the reduction of the carbonyl groups. A broad oxidation peak
at about 3.01 V corresponds to the re-oxidation of the
alkoxide groups. This value is close to the computational
result (2.903 V; Computational details in Supporting Infor-
mation, Table S1-S4 and Figure S7). Careful observing of the
CV curves shows that the broad redox peak contains over-
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Figure 2. The electrochemical performance of the quasi-solid-state cells with the C4Q cathode in changed temperatures (303 K,
PMA/PEG-based GPE with LiCIO,/DMSO loading: a) the (1st, 10th, 50th) cyclic voltammetry profiles 293 K, and 283 K). After 20 cycles,
at a scan rate of 0.1 mVs™'; b) the initial three discharge—charge profiles at 0.2C rate; c) the cycling the capacities were 391, 411, and
performance between 1.8 V and 3.3 V at 0.2C rate; d) 0.2C to 1C rate capability; e) the cycling 401 mAhg " at 283,293, and 303 K

performance of the cathode at 0.2C containing 60 wt% C4Q at the temperatures of 303 K, 293 K, and
283 K; f) the cycling performance of the cathode at 303 K with C4Q content of 41.8 wt %, 60.3 wt%,

76.5 wt% and 90.2 wt %.

lapping peaks, which might be related to the multi-step
reaction processes. In addition, all the CV peak potentials
stayed almost unchanged during cycling, suggesting that all
the redox reactions were reversible. Furthermore, the nearly
unchanged peak current intensity upon cycling implies the
outstanding cycling stability of the quasi-solid-state cells.
Figure 2b shows the typical discharge/charge curves of the
quasi-solid-state cell cycled at 0.2C rate. The discharge curve
presents two sloping plateaus at about 2.55 and 2.85 V, which
are basically tallying with the CV and computation results.
The quasi-solid-state cells showed an initial discharge
capacity of 422 mAhg' (Figure 2b), 89.8% of which has
been maintained after 100 cycles (Figure 2¢). The maintained
capacity of 379 mAhg ' is more than two-times that of
commonly used inorganic LiCoO, or LiFePO, cathodes. For
carbonyl compounds, this is the second-highest capacity,
which is next to that of Li,CsO4 with an initial capacity of

with corresponding capacity reten-
tion of 94.2%, 97.4% and 94.1%,
respectively. This result illustrates
that in the tested temperature
range, high temperature would induce an enhancement in
the capacity at the expense of the cyclability, which is
consistent with an early report.’” However, all cells maintain
nearly 94% of their initial capacity after 20 cycles. This
preliminary study verifies the reasonable cyclability of the
quasi-solid-sate cells.

In general, on account of the low intrinsic electrical
conductivity, organic cathode materials need much more
conductive additive (e.g., more than 40 wt % carbon black)
than that of commonly used inorganic electrode materials.
This is at the expense of the energy density of the electrode.
Thus the composition of the electrode is another key
parameter governing practical applications. As a further
study, cathodes containing different amounts of the C4Q
active materials (41.8 wt%, 60.3wt%, 76.5wt%, and
90.2 wt %) were assembled into cells and tested at 0.2C and
293 K. As shown in Figure 2f, the electrode containing
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60.3 wt% C4Q displays comparable capacity and cycling
stability to the electrode containing 41.8 wt% C4Q. This
shows that cathodes with a C4Q content of 41.8 wt% to
60.3 wt% possesses satisfactory electrode performance.
Unfortunately, when further increasing the content of C4Q
(76.5wt% and 90.2wt%), both capacity and cyclability
decreased. After 20 cycles, the capacities of the two cathodes
were 376 mAhg ' and 368 mAhg™, respectively. It is note-
worthy that even for the electrode containing 90.2 wt % C4Q,
93% of the initial capacity remained after 20 cycles. This
superior performance of the electrode is ascribed to the
favorable electronic conductivity support (ca. 2.57 Scm™)
constructed by carbon black spheres, single-walled carbon
nanotubes, and PVdF binder (Figure S8).

To demonstrate the stabilization effect of PMA/PEG-
based GPE with LiClO,/DMSO loading as the electrolyte,
another organic molecular 2,2'-bi(1,4-naphthoquinone)
(BNQ) has been tested (Scheme 2). The cycling performance
of the liquid and quasi-solid cells is shown in Figure S9. The

(o] OLi

(o] OLi
+de, +4Li*
e ———
—~——

e, AL
(o] OLi

(o] OLi
CooH1004 LiyCy0H19Oy4
Molecular Weight: 314.29

Scheme 2. Structures and proposed electrochemical redox reactions of
CyoH1004 (BNQ) to Li,CyoH10,, corresponding to a theoretical capacity
of 341 mAhg™".

two cells deliver a similar initial capacity of around
330 mAhg !, which is about 96.8 % of the theoretical capacity
(341 mAhg"). However, after 30 cycles, the capacities for the
liquid and quasi-solid cells are 163 and 322 mAhg™", respec-
tively. This result further confirms that the design and
application of PMA/PEG-based GPE can be applied to
other soluble carbonyl compounds. More in-depth and
optimization research is in progress.

In summary, quasi-solid-state organic LIBs with high
capacity and good cyclability have been designed by using
a C,sH Oy (C4Q) cathode and a PMA/PEG-based GPE with
LiClO,/DMSO loading. The quasi-solid-state cells with
a cathode containing 62 wt% C4Q exhibited an initial
discharge capacity of 422 mAhg™' with an average potential
of 2.64 V. Moreover, 379 mAhg™' remained after 100 cycles
at 0.2C charge—discharge rate. Further investigation verified
that the PMA/PEG-based GPE was suitable for other organic
compounds, such as C,;H;,O, (BNQ). These results could
widen the application potential of LIBs employing organic
carbonyl compounds with multi-electron reactions as high
capacity cathodes and PMA/PEG-based gel polymer loading
LiClIO/DMSO as quasi-solid-state electrolytes.
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Experimental Section

The target molecular calix[4]quinone (Cy,H;cOs) was synthesized
from the purchased material calix[4]arene (C,H,,0,) (Sigma-
Aldrich) in three steps: diazocoupling reaction, reduction, and
oxidation"! (Scheme S1, see experimental details in Supporting
Information). Elemental analysis, IR (Figure S1), NMR (Figure S2)
and MS (Figure S3) spectra were used to characterize the structure of
the as-synthesized calix[4]quinone which was in the form of pale
yellow powders. 2,2’-bi(1,4-naphthoquinone) (BNQ) was synthesized
according previous reports.!'® !’

In a typical preparation of poly(methyl acrylate)/poly(ethylene
glycol) (PMA/PEG)-based gel polymer electrolyte, ammonium
persulfate (polymerization initiator, 1 wt% methyl acrylate) was
dissolved in PEG-600 (4 g) at room temperature.? Then, the mixture
was added to distilled methyl acrylate (7.26 g) under vigorous stirring
at 70°C under a nitrogen atmosphere. After polymerization, a homo-
geneous mixture was formed. The content of PEG in this hybrid is
35wt% [PMA/PEG (65/35)]. Predetermined amounts of LiClO,
solution were dissolved in DMSO. After that, 27 wt % PMA/PEG
(65/35) hybrid was added into the LiClO, solution. Finally, the
resulting mixture was heated at 80 °C under vigorous stirring until no
solid was observed. After allowing to cool to room temperature,
a uniform motionless gel polymer electrolyte was obtained. The ionic
conductivity of the as-prepared GPE was measured with a Par-
stat 2273 potentiostat/galvanostat analyzer (Princeton Applied
Research & AMETEK Company) over a frequency range of
10 Hz-100 kHz at room temperature.

Electrode properties were evaluated using CR2032 coin-type
cells. The cathode was composed of a mixture of 62 wt% of active
material (CxH,O5), 30 wt % of porous carbon black spheres (40 nm,
320m?g~!, 0.36 Qcm), 3wt% single-walled carbon nanotubes,*!
Swt% of polyvinylidene fluoride (PVdF) binder. The mixture was
suspended in N-methyl-2-pyrrolidinone (NMP) to form a slurry,
which was coated on an aluminum foil using a doctor blade. The
electrode was dried in vacuum at 80°C overnight to remove NMP.
Lithium foil and Celgard 2300 porous membrane were used as the
counter electrode and separator, respectively. The PMA/PEG-based
gel polymer electrolyte with LiC1O,/DMSO loading was used. All the
cell assembly procedures were conducted in an argon-filled glove box
with moisture content and oxygen level below 1 ppm. The cyclic
voltammograms (CV) were performed on a Parstat 263 A electro-
chemical workstation (AMTECT Company). The charge-discharge
experiments were carried out with a LAND battery testing system.
The specific capacity was calculated on the basis of the amount of the
active material, excluding the mass of the carbon and PVDF.
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