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Abstract

Organic cathode materials have potential applications in rechargeable batteries

due to their several advantages such as high specific capacity, flexible

designability, plentiful raw materials, environmental friendliness, and renew-

ability. However, their high solubility in organic electrolytes strongly impedes

the further research progress. Thus, it is highly desirable to develop some new

strategies to address this issue. Herein, we report one method to address this

dissolution issue by increasing molecular weight without reducing theoretical

capacity, where a novel Calix[8]quinone (C8Q) with 8 p-benzoquinone units

connected by methylene groups was designed and prepared in a good yield

(total: 23%). C8Q exhibits higher cycle stability (268 mAh g�1) in lithium-ion

batteries (LIBs) compared to the same series of substances Calix[4]quinone

(C4Q, 30 mAh g�1) and Calix[6]quinone (C6Q, 207 mAh g�1) after 100 cycles

at 0.2 C. Moreover, C8Q shows better electrochemical performance in 4.2 M

LiTFSI-AN highly-concentrated electrolyte with special aggregate structure

configured with high-dissociation salt LiTFSI and low-viscosity solvent aceto-

nitrile (AN), namely, C8Q possesses high capacity (340 mAh g�1 after

100 cycles at 0.2 C), superior rate ability (440 mAh g�1 at 0.1 C and

167 mAh g�1 at 5 C), and ultra-long cycle life (220 mAh g�1 after 1000 cycles

at 0.5 C). This work could provide a promising strategy to address the dissolu-

tion issue of organic electrode materials in organic electrolyte.

KEYWORD S

calix[8]quinone, cathode, lithium-ion batteries, molecular structure, organic batteries

Organic electrode materials (e.g., conducting polymers,
organosulfurs, concerning radicals, and carbonyl com-
pounds) are emerging as key elements in secondary bat-
teries due to their high specific capacity, design

flexibility, abundant raw materials, environmental friend-
liness, and renewability.1–7 Among all organic materials,
conjugated carbonyl compounds with various merits such
as high capacity and fast kinetics have become the most
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widely studied organic cathode materials.8–11 However,
the dissolution of organic materials in organic secondary
batteries still frustrates many scientists. Particularly,
small carbonyl compounds are readily soluble, leading to
poor cycling stability.12–16 In response to this issue, many
methods have been explored, including molecular struc-
ture optimization,17,18 molecular polymerization,19–23

lithium salt formation,24–26 and carbon materials com-
posite, and so forth.27–29 Given their potential practical
application with less environmental pollution and possi-
ble reusability, it is imperative to design eco-friendly
organic materials with high theoretical capacity, suitable
structural stability, and reasonable energy density.30–33

As typical conjugated carbonyl compounds, Calix[n]
quinones (C[n]Qs, n = 4, 6, Figure 1A) composed of sev-
eral p-benzoquinone units connected by methylene
groups have been developed as the promising cathode
materials in rechargeable batteries. For example, Calix[4]
quinone (C4Q) was reported to be capable of accepting
eight lithium ions (Li+) and providing an initial revers-
ible capacity of 431 mAh g�1 at 0.2 C (97% of the Ctheo,
Ctheo = 447 mAh g�1).34 However, since C4Q is soluble
in organic electrolytes, its cycling stability is very poor,
and the capacity reaches almost zero after a few cycles.
Calix[6]quinone (C6Q) possesses the same theoretical
capacity as C4Q, but higher molecular weight
(MC4Q = 480 vs. MC6Q = 720).35,36 It has been demon-
strated that C6Q displays significantly improved electro-
chemical performance compared to C4Q. Through this
strategy of increasing molecular weight that could inhibit
the dissolution and improve electrochemical perfor-
mance, we believe that Calix[8]quinone (C8Q, Figure 1A)
should have better battery performance.

To theoretically understand C8Q well, density func-
tional theory (DFT) has been employed to investigate the
electronic structure by calculating the lowest unoccupied
molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) (Figure 1B). As expected,

major electron-withdrawing carbonyl groups in the C8Q
structure decline the energy level to �3.61 eV, indicating
that the C8Q-based electrode has a higher reduction
potential to be used as the cathode material in the
rechargeable battery. Meanwhile, the HOMO–LUMO
energy gap (3.71 eV) of C8Q is comparable to those of
C4Q (3.38 eV) and C6Q (3.43 eV),36 suggesting that C8Q
also has adequate intrinsic electronic conductivity.37,38

Therefore, these results preliminarily confirm that C8Q
could have sufficient advantages to be used as a cathode
material.

C8Q was synthesized for the first time as a new fam-
ily member of high-performance organic electrode
materials, and its electrochemical properties were com-
prehensively studied. This idiosyncratic material has
been demonstrated as an excellent cathode with a
larger number of redox-active sites, yielding an ultra-
high capacity for lithium-ion batteries (LIBs). Its perfor-
mance outperforms those of C4Q and C6Q with 1 M
LiPF6 in ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:1, v/v). Simultaneously, with the intention of
further developing the electrochemical performance of
C8Q electrode, 4.2 M LiTFSI in acetonitrile (AN) as a
highly-concentrated electrolyte (HCE) was employed in
rechargeable batteries, where C8Q has an initial dis-
charge capacity of 426 mAh g�1 and a relatively capac-
ity retention of 80% after 100 cycles at 0.2 C. The
capacity in 4.2 M LiTFSI-AN after 1000 cycles is
approximately double that of 1 M LiPF6-EC/DMC after
500 cycles at a current density of 0.5 C. Meanwhile, to
investigate the behavior of Li+ insertion/extraction, the
evolution of carbonyl group (C O) was revealed by the
characterization of ex-situ FTIR and ex-situ XPS during
discharge/charge processes. Structural changes and
redox kinetics of C8Q-xLi (x = 0–16) during the inser-
tion of Li+ were simulated by DFT calculations. More-
over, the electrochemical properties of C8Q were
further explored.

FIGURE 1 (A) Schematic diagram

of the structures of C4Q, C6Q, and C8Q;

(B) molecular structure and the HOMO/

LUMO energy levels of C8Q
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C8Q was firstly obtained by polycondensation
between p-benzyloxy phenol and paraformaldehyde
under alkaline condition, followed by debenzylation and
oxidation with a yield of up to 23%. The detailed synthe-
sis procedure (Scheme S1) as well as morphological and
structure characterization (Figures S1 and S2) are pro-
vided in the Supporting Information (SI). In FTIR spec-
trum of C8Q (Figure S3), the prominent peak at
1651 cm�1 corresponds to the absorption peak caused by
the stretching vibration of carbonyl groups (C O).
Besides, the peak at 1297 cm�1 is the characteristic
absorption peak of the methylene group ( CH2 ) con-
necting to the p-benzoquinone unit. The 1H NMR spec-
trum of C8Q (in CF3COOD) is shown in Figure S4
with the peaks of δ 6.90 (s, 16H, CH C ) and δ 3.74
(s, 16H, CH2 ). Figure S5 is the 13C NMR spectrum
of C8Q (in CF3COOD) with the peaks of δ 29.18
(s, CH2 ), δ 134 .47 (s, C CH ), δ 147.33 (s, C-
CH2 ), δ 185.83 (s, C O), and δ 190.15 (s, C O).

The electrochemical performance of C8Q was firstly
evaluated in 1 M LiPF6-EC/DMC electrolyte. Details in
preparing electrodes and assembling cells have been pro-
vided in the SI. Cyclic voltammetry (CV) curves were car-
ried in the range of 1.2–3.9 V (vs. Li/Li+) at a scan rate of
0.2 mV s�1 (Figure S7). Test results indicate that there
are two oxidation peaks at 3.0/3.5 V and a reduction peak
at 2.6 V. Obviously, the lithiation of C8Q can be complete
in one step, while the delithiation requires two steps.
Simultaneously, the CV curves show a slight change in
the peak area while the basic peak shape stays intact.
This result suggests that the operations of lithium ions
insertion and extraction are completely reversible. The
cycle performance of C8Q was investigated at 0.2 C. A
gentle discharge platform appears between 2.8 and 2.0 V,
corresponding to the reduction reaction of the C O and
the intercalation process of Li+ (Figure S8). For compari-
son, the electrochemical performance of C4Q and C6Q
were also conducted. Figure 2A shows the cycling perfor-
mance of C4Q, C6Q, and C8Q at 0.2 C, revealing that
their capacity retention is 6.4% (C4Q), 44% (C6Q) and
56% (C8Q) after 100 cycles. This result confirms that C8Q

has the best cyclic stability compared with C4Q and C6Q.
This advantage can be ascribed to the structural varia-
tion, where larger macromolecular structures can
decrease the dissolution in electrolytes and improve the
cycling stability. This hypothesis is proven by a qualita-
tive soaking experiment (Figure 2B). With time elapsing,
C4Q has the most obvious change, followed by C6Q,
while the color change of C8Q is inconspicuous. Thus, it
is feasible to suppress the dissolution of organic elec-
trodes by enlarging the molecular structure and relative
molecular mass to improve their electrochemical perfor-
mance without reducing theoretical capacity. However,
the large ring structure in the ring molecule can cause
the distorted ring shape, which might inhibit the overlap
of p orbitals that has great contribution to electron delo-
calization and stability.39,40 Thus, C8Q might be
deformed in the process of Li+ insertion and desertion,
leading to certain destruction of molecular structure.
That is why the performance of C8Q has a certain
improvement compared with C6Q, however, the effect is
not as obvious as the promotion of C6Q compared with
C4Q. Even though, this strategy to address the dissolu-
tion issue of organic electrode materials in organic elec-
trolytes is still positive.

With the aim to further suppress the decay of capacity
and promote cycle stability of C8Q electrode, a HCE was
introduced. The previous researches have already indi-
cated that increasing the salt concentration would lead to
an increase in the interaction between cations and
anions/solvent, and a decrease of free solvent molecules
in the content.41,42 When the concentration exceeds the
threshold, free solvent molecules vanish, resulting in the
formation of a new type of electrolyte with a special
aggregation structure, namely HCE.43 In general, HCE
can be prepared using a highly dissociated salt, LiTFSI,
and a low viscosity solvent, AN.44,45 Thus, the electrolyte
can maintain an acceptable ionic conductivity level with
the increase of Li+. HCE has attracted widespread atten-
tion due to its high electrochemical window, outstanding
safety and excellent rate performance, and so forth. Since
there are no free solvent molecules in HCE, it can

FIGURE 2 (A) Cycling

performances at 0.2 C and (B) photos

soaked in the electrolytes from 1 to

20 days of C4Q, C6Q, and C8Q
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improve the cycle stability through effectively alleviating
the dissolution of the organic cathode material in organic
electrolyte.46 Herein, the electrochemical performance of
C8Q electrode in 4.2 M LiTFSI-AN HCE is investigated,
where the assembly of LIBs has no difference from above
except for electrolyte.

The CV curves of C8Q in the HCE are shown in
Figure 3A. The test results exhibit an oxidation peak at
2.75 V and a reduction peak at 2.6 V, corresponding to
the lithiation and delithiation processes of the active site
C O, revealing that C8Q has a one-step deintercalation
reaction. In addition, the entire overlap of CV curves

FIGURE 3 Electrochemical properties of C8Q cathode in 4.2 M LiTFSI-AN. (A) CV curves at 0.2 mV s�1; (B) cycling performance at

0.2 C; (C) rate performances in two different electrolytes; (D) discharge/charge curves at different rates; (E) cycle performance at 0.5 C in

two different electrolytes. CV, cyclic voltammetry
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demonstrates that the reaction of C8Q is a completely
reversible redox process. Cycling performance is dis-
played in Figure 3B. Obviously, the cell delivers an initial
capacity of 426 mAh g�1 and retains a capacity of
341 mAh g�1 (80% for capacity retention rate) after
100 cycles at a current density of 0.2 C. This excellent
cyclability is attributed to the ability of the HCE to effec-
tively inhibit the C8Q dissolution. Figure 3C holds up the
rate performance of C8Q in the 1 M LiPF6-EC/DMC and
in the HCE. In the beginning, the initial discharge capac-
ity of C8Q in the two electrolytes is similar. However,
due to the dissolution issue of C8Q in 1 M LiPF6-EC/
DMC, the gap widens gradually from the third cycle.
Moreover, with the increase of the rate, the difference in
discharge capacity becomes more apparent. At the high
current density of 5 C, the discharge capacity of C8Q in
1 M LiPF6-EC/DMC is �60 mAh g�1 (Figure S9), while
the discharge capacity in HCE is still as high as
160 mAh g�1 (Figure 3D). When the current density ret-
urned to 0.1 C again, the discharge capacity of C8Q in
the HCE remains above 350 mAh g�1, but only about
280 mAh g�1 in 1 M LiPF6-EC/DMC. These results prove
that C8Q electrode has better electrochemical perfor-
mance in the HCE. Furthermore, there is the long cycle
performance of C8Q in two electrolytes at 0.5 C
(Figure 3E). The capacity retention rate is 52% in the
HCE after1000 cycles. Compared with C8Q in 1 M LiPF6-
EC/DMC after 500 cycles, the capacity retention is
roughly doubled. All these indicate that the electrochemi-
cal performance of C8Q electrode is further enhanced in
the HCE, implying that C8Q electrode has significant
advantages as a cathode material.

Subsequent research has been conducted to evaluate
the charge transfer and electrolyte diffusion of C8Q
in 1 M LiPF6-EC/DMC and the HCE through electro-
chemical impedance tests in the frequency range of
10�2–105 Hz. The Electrochemical Impedance Spectros-
copy (EIS) is shown in Figure S10. Generally speaking,
the greater viscosity would cause the lower conductivity
(Table S4). Hence, the impedance of C8Q in the HCE is
obviously higher than the impedance of 1 M LiPF6-EC/
DMC in the initial stages. The impedance of C8Q in 1 M
LiPF6-EC/DMC increases as the cycle progress
(Figure S10A). This is attributed to the gradual dissolu-
tion of C8Q during the cyclic process. This makes it diffi-
cult to transfer the charge on the electrode surface.
Conversely, in Figure S10B, there is a process of halving
the impedance. It is the main activation process in the
initial stage of the HCE that causes the initial impedance
to grow. After the formation of the special solid electro-
lyte interface (SEI) film,47,48 which comes from
decomposing of salt, the transfer of charge on the elec-
trode surface would be beneficial, thereby reducing the
impedance. In addition, the Rct impedance of C8Q in the
HCE is lower than that in the 1 M LiPF6-EC/DMC after
100 cycles, ascribed to the novel SEI film as well.

To further explore the lithiation mechanism, ex-situ
FTIR spectroscopy was implemented. The vibration
absorption peaks at 1645 cm�1 are assigned to the
stretching mode of C O (Figure 4A). During the dis-
charging process, Li+ inserts into C O groups to form
C O Li. As a result, the peak progressively weakens
and virtually vanishes. However, in the charging process,
Li-ions leave away from C O Li units, causing that this

FIGURE 4 (A) The ex-situ

FTIR spectra and (B) the ex-situ

XPS spectra of C 1s and O 1s of

C8Q cathode at different states
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peak reappears and gradually recovers. The test results
preliminarily prove that C O is the reversible redox-
active center in the charging/discharging process. To
more deeply confirm that C O is the active center, ex-
situ XPS tests are conducted at different voltage stages of
C8Q electrode (Figure 4B). The C 1s spectrum can be
divided into three peaks, located at 284.8, 286.3, and
287.4 eV, corresponding to sp2-hybridized C C, C O,
and C O bonds, respectively. When the battery dis-
charges from the initial voltage to 1.2 V, C O undergoes
a lithiation process through transforming from C O to
C O Li, corresponding to the decrescent peak of C O
group. However, as the charging process continues,
C O Li releases Li+ to form C O. Therefore, when
charging to 3.9 V, the peak of C O completely restores.
Meanwhile, C O just shows the opposite change state
with C O. In the O 1s spectrum, the alterations of Li O,
C O, and C O are consistent with those mentioned
above, further proving that C O is the reversible active
site during charge/discharge processing. Based on these
results, the possible charge/discharge mechanism of C8Q
has been presented in Figure S11.

In addition, theoretical calculations have been used to
verify our experimental results. The molecular electro-
static potential (MESP) and structure diagram of C8Q-xLi
(x = 0–16) has been calculated to understand the process
of lithiation. The MESP diagrams are shown in
Figure S12. The electrostatic potential diagram of the
C8Q-xLi (x = 1–16) molecules clearly shows the highly
electronegative region of oxygen in carbonyl group.
When C8Q starts to bind Li+, the MESP energy gradually
decreases and C8Q binding 16 Li+ is the lowest one, indi-
cating that C8Q can bind lithium ions spontaneously.
Synchronously, DFT was also employed to simulate
lithiation process (Figure 5). The left axis represents the
simulated oxidation–reduction potential (corresponding
to the blue line segments in Figure 5) for each Li+

insertion process. The total energy of the different
lithiation structures of C8Q is shown on the right axis
(corresponding to the green squares in the diagram). The
black line represents the discharge curve. The reduction
in total energy from original C8Q to C8Q-16Li indicates
that the structure of C8Q tends to stabilize with lithiation
progresses. Firstly, eight lithium ions combine with the
carbonyl groups of the inner ring to form C8Q-xLi
(x = 0–8). Then, the remaining lithium ions bind to the
outer carbonyl groups in turn. The values of C8Q-Li and
C8Q-16Li are 2.84 and 1.56 V, which respectively corre-
spond to the voltages at the beginning and end of the
reduction peak in the CV curves. The estimated results
show the lithiation process of C8Q mainly occur between
1.5 and 3 V. Gibbs free energy of each step of the
lithiation reaction is negative, indicating that the Li+

insertion reaction on the 16 carbonyl groups is spontane-
ous, and all 16 oxidation–reduction active sites of C8Q
are available for lithiation. The lithiation pathway in
LIBs obtained through the simulation is shown in
Figure S13. The calculated results are consistent with the
above experimental results.

In summary, Calix[8]quinone (C8Q) as a novel cath-
ode material was successfully prepared and applied in
LIBs. Benefiting from rich active sites and large ring
structure, C8Q delivers a high discharge capacity, which
is far better than Calix[4]quinone (C4Q) and Calix[6]qui-
none (C6Q). Furthermore, the electrochemical perfor-
mance of C8Q in 4.2 M LiTFSI-AN HCE with a specific
aggregation structure has been explored. The electro-
chemical performance of C8Q displays more excellent
cycle stability and rate performance in 4.2 M LiTFSI-AN.
The up-to-16-Li+ redox storage mechanism of C8Q is rev-
ealed by the ex-situ tests and DFT calculations. Our
research clearly suggests that the combination of molecu-
lar design and the optimization of electrochemical sys-
tems plays a significant role in electrochemical energy
storage and conversion.
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