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ELECTROCHEMISTRY

High-capacity aqueous zinc batteries using sustainable
quinone electrodes

Qing Zhao,"** Weiwei Huang,?* Zhigiang Luo, Luojia Liu," Yong Lu," Yixin Li," Lin Li," Jinyan Hu,?
Hua Ma,? Jun Chen?*

Quinones, which are ubiquitous in nature, can act as sustainable and green electrode materials but face dissolution in
organic electrolytes, resulting in fast fading of capacity and short cycle life. We report that quinone electrodes, espe-
cially calix[4]quinone (C4Q) in rechargeable metal zinc batteries coupled with a cation-selective membrane using an
aqueous electrolyte, exhibit a high capacity of 335 mA h g~ with an energy efficiency of 93% at 20 mA g~" and a long
life of 1000 cycles with a capacity retention of 87% at 500 mA g~". The pouch zinc batteries with a respective depth of
discharge of 89% (C4Q) and 49% (zinc anode) can deliver an energy density of 220 Wh kg™ by mass of both a C4Q
cathode and a theoretical Zn anode. We also develop an electrostatic potential computing method to demonstrate
that carbonyl groups are active centers of electrochemistry. Moreover, the structural evolution and dissolution behav-
ior of active materials during discharge and charge processes are investigated by operando spectral techniques such as
IR, Raman, and ultraviolet-visible spectroscopies. Our results show that batteries using quinone cathodes and metal
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anodes in aqueous electrolyte are reliable approaches for mass energy storage.

INTRODUCTION
Developing high-performance rechargeable batteries is vital for regulat-
ing the energy output of intermittent solar and wind energy, which have
been expected to occupy increasing proportions in energy distribution
in light of the environmental issues caused by fossil energy (1-3). Batteries
using organic electrodes are attractive electrochemical energy storage de-
vices because organic compounds can be lightweight, environmentally
friendly, and sustainable (4, 5). In particular, quinone compounds are
ubiquitous in nature, and the electrochemical reactions based on quinone
and hydroquinone are indeed significant in biological electron transport
systems (6, 7). More than 2400 kinds of quinones have been discovered
from angiosperms, fungi, marine animals, and insects. Inspired by nature,
many artificial quinone compounds have also been designed for applica-
tions in medicine, molecular recognition, and organism electron/ion
transfer (8). Currently, batteries using electroactive quinone electrodes
mostly work with organic electrolytes, demonstrating fast fading of ca-
pacity due to the dissolution of active materials (4). Strategies such as
electrolyte modification (9), polymerization (10), salt formation (11), and
loading on substrates (12) have been used to improve the electrochemical
performance. Applying quinone electrodes in aqueous batteries should be
a smart choice to achieve stable electrochemical performance because
quinones are barely soluble in water (13, 14). Moreover, batteries operated
with aqueous electrolytes are preferable in terms of safety (15-17).
Among the reported aqueous batteries, rechargeable zinc batteries
(ZBs) are one of the most promising candidates because zinc anodes
are affordable and exhibit high capacity (820 mA h g™*), large produc-
tion, and good compatibility with water (18-21). Up to now, great
progress has been made on building high-performance ZBs using in-
organic compounds such as metal oxides (18, 19, 22-28) and Prussian
salts (29-31), in which Zn-MnO, battery systems are most widely
studied. On the one hand, efforts on the MnO, cathode side largely focus
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on preparing high-capacity cathodes (18, 19, 22, 27, 28) and inhibiting
dissolution of Mn>" ions (19, 24, 32, 33). Oh and Kim (32) discovered
that the addition of various manganese (II) salts can increase the cycle
stability of a MnO, cathode. Pan et al. (19) further reported that
0-MnO, nanofiber cathodes could display long-cycle stability over
5000 cycles at a high rate of 5 C after inhibiting Mn”" dissolution with
MnSO, added to ZnSOj electrolyte. Yadav and co-workers (27, 28) found
that a Cu**-intercalated Bi-8-MnO, cathode exhibited a capacity of 617
mA h g (the theoretical second electron capacity) for over 6000 cycles
against a Ni counter at 40 C and the same capacity for over 900 cycles
against a Zn anode. On the other hand, strategies toward solving the pro-
blems of Zn anodes have also been tried (34, 35). At high Zn utilizations,
the shape change passivation and dendrite issues also plague the life of
ZBs, which seems to be a large part of the problem of short-lived cells
(28, 35-37). Ito et al. (38) found that mesh-type anode current collec-
tors with reduced areas were of potential interest for zinc deposition.
Wei et al. (39) found that Bi and Cu substrates were suitable current
collectors in zinc-anode alkaline rechargeable batteries. In addition,
Zn is known to generate soluble 7Zn0,>" in alkaline Zn-MnO, batteries,
which will poison the cathode and cause structure distortion (28, 40, 41).
Bai et al. (41) demonstrated that an ion-selective separator can effi-
ciently avoid cathode poisoning by preventing the diffusion of ZnO,>".
Calcium hydroxide layers have also been tried to trap zincate ions
and address Zn blocking to avoid the structure distortion of MnO,
(28, 40).

As mentioned above, a considerable breakthrough has been made
on rechargeable ZBs, especially with inorganic cathodes. However, to
the best of our knowledge, organic quinone compounds are un-
explored in ZBs. Quinone compounds have been tested as electrodes
in aqueous electrolyte since 1972, in which tetrachlorobenzoquinone
showed a reduction potential of 0.7 V in dilute H,SO, solution (42).
Meanwhile, quinone compounds have also been used as redox active
materials in aqueous flow batteries (43). More recently, Liang et al.
(13) reported universal quinone electrodes for aqueous (H, Li", Na*,
K", and Mg"") rechargeable batteries. These results show the versatile
properties of quinone compounds in aqueous batteries, which make
them potential candidates coupled with zinc anodes. In addition, qui-
none compounds can be lightweight, and the cations only act to
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compensate the charge of quinone-based electrochemical reactions,
which can act as high-capacity cathodes in ZBs (4). The electrochemical
process and structure evolution of inorganic electrodes are sufficiently
studied through theoretical simulation and ex situ/in situ approaches
such as x-ray diffraction (XRD) and transmission electron microscopy
(TEM) (44). However, organic electrode materials with less crystallinity
and stability are difficult to accurately characterize with these methods
(45). Up to now, the fundamental studies on the reaction and dissolu-
tion of organic electrodes are limited and mainly based on ex situ
methods. Exploring new theoretical methods combined with in situ
experimental technologies that can deduce and operando-monitor
the electrochemical reactions of organic electrodes are significant to
better design the materials (46).

Inspired by the above points, we report a series of quinone compounds
as high-performance cathodes in aqueous ZBs. Among them, the
calix[4]quinone (C4Q) with open bowl structures and eight carbonyls
exhibits a high capacity of 335 mA h g™, a flat and safe operation
voltage of 1.0 V, and a low polarization of 70 mV with high energy
efficiency of 93% at low current density. A long life of 1000 cycles with
87% capacity retention is achieved at a current density of 500 mA g~
Meanwhile, the electrostatic potential (ESP) method was applied to cal-
culate the active centers of quinone electrode materials, illustrating that
the carbonyl groups are the reactive sites. In situ technologies of attenuated
total reflection-Fourier transform IR (ATR-FTIR) spectroscopy, Raman
spectroscopy, and ultraviolet-visible (UV-vis) spectroscopy were also
developed to monitor the electrochemical reaction on quinone electro-
des in real time. A cation-exchange membrane (Nafion) was introduced
as a separator into aqueous ZBs to suppress the dissolution of the active
materials and protect the zinc anode from poisoning by discharged
products. These safe and high-capacity aqueous ZBs are promising
electrochemical devices for reliable energy storage and conversion.

RESULTS

The quinone electrodes in aqueous ZBs

We selected various quinone compounds with carbonyls in para-position
[1,4-naphthoquinone (1,4-NQ), 9,10-anthraquinone (9,10-AQ) and
C4Q] and ortho-position [1,2-naphthoquinone (1,2-NQ) and 9,10-
phenanthrenequinone (9,10-PQ)] as cathodes in aqueous ZBs (fig. S1).
Among them, C4Q was synthesized with raw materials of calix[4]arene
and p-aminobenzoic acid (Fig. 1A) (9). Calix[4]arene with unique cavity
structures is extensively used as a precursor in areas of molecular recog-
nition, sensor, ion carrier, mimic enzyme, and phase transfer catalysis
(47). P-aminobenzoic acid as a major component of folic acid is widely
distributed in yeast and bran. The complete procedure of preparation
is facile under low temperature (<100°C), and the products are de-
gradable. Meanwhile, the purification of products only includes a re-
crystallization process without requiring a chromatographic procedure,
making production easily scalable.

All selected quinone electrodes are feasible for highly reversible
Zn ion uptake (fig. S2). It should be mentioned that we describe Zn ions
briefly because the pH of the electrolyte is about 3.6 (24), in which
the dissolved zinc is actually present as Zn** surrounded by six H,O
molecules {{Zn(H,0)s]**} (48). The results indicate that the quinone
compounds with carbonyls (C=O double bond) in para-position
(1,4-NQ, 9,10-AQ, and C4Q) generally show higher capacity and lower
charge/discharge gap than those with carbonyls in ortho-position (1,2-NQ
and 9,10-PQ) (Fig. 1B). The ortho carbonyls in quinones would cause
larger steric hindrance for Zn ion reactions, thus showing worse
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electrochemical performance. Furthermore, the working potential of
different quinones is highly related to the energy of the lowest un-
occupied molecule orbital (LUMO). Lower LUMO energy indicates
higher discharge potential (49). The order of average discharge potential
is 9,10-AQ < 9,10-PQ < 1,4-NQ < 1,2-NQ < C4Q, which agrees with
theoretical calculations (fig. S3). In particular, the cathode of C4Q
displays a capacity of 335 mA h g', corresponding to uptake of three
Zn ions and utilization of six carbonyls (Fig. 1C). This value is far ex-
ceeds most reported electrodes in aqueous Li/Na ion batteries (15)
and can also act as one of the best in aqueous ZBs (Fig. 1B and table
S1) (18-20, 22-31). In addition, the voltage gap between discharge and
charge is only 70 mV, contributing to the high energy efficiency of
~93% for the first five cycles (Fig. 1C). The flat discharge platform con-
tributes to the stable energy output, which can simplify the procedure
of voltage regulation in practical application. In aqueous-based bat-
teries, the galvanostatic curves are usually decided by phase reaction
mechanisms. Therefore, the flat plateau characteristics of Zn-C4Q bat-
teries are supposed to be the heterogeneous two-phase reactions (50).
It is worth noting that the 9,10-AQ electrode displays a capacity of
194 mA h g with even a narrower charge/discharge gap of 40 mV. The
flat and low discharge platform at 0.51 V makes it appealing as an anode
in aqueous batteries.

Cyclic voltammetry (CV) curves at different scan rates have been
carried out to clarify the controlling factors of the electrochemical reac-
tions (51). One reduction peak corresponds to the reaction from C4Q to
Zn3C4Q, and one oxidation peak corresponds to the reaction from
Zn3C4Q to C4Q, respectively (Fig. 1D). When the scan rate increases,
the reduction peak shifts to lower potential, and the oxidation peak
shifts to higher potential owing to the increased polarization. The peak
current enhances linearly with the square root of the scan rate (inset of
Fig. 1D), indicating that the Zn ion uptake and removal behavior are
controlled by the diffusion process. Moreover, the electrochemistry of
Zn and C4Q is highly reversible without any obvious change after 100
cycles of CV (fig. S4). This diffusion process is also demonstrated by
other quinone electrodes of 9,10-PQ and 9,10-AQ (fig. S5).

Theoretical calculations and operando characterizations of

quinone electrodes in ZBs

Theoretical calculations with density functional theory (DFT) were
conducted to deduce the structure evolution of C4Q before and after
Zn ion uptake (52). Because of C-C single bond that connects each
benzoquinone unit, the C4Q exhibits a bowl-like structure endowed
with small steric hindrance. The two carbonyls on the top and four car-
bonyls on the bottom are adjacent. To analyze the exact sites of Zn ion
uptake, the ESP approach, which is often applied to deduce the electro-
philic or nucleophilic reaction in organic chemistry, has been used to
deduce the active sites of organic electrodes (53). The sites with more
positive ESP tend to occur in nucleophilic reactions, whereas the more
negative ESP areas prefer electrophilic reactions (53). Because the dis-
charge process of the batteries involves Zn ion uptake, the sites with
more negative ESP are attractive for discharge reactions. According to
the results of ESP mapping, the regions near the carbonyls of quinones
have more negative ESP values, which are considered highly reactive
sites (Fig. 2, A to D). For the C4Q molecular structure, the carbonyls
on and under a molecule of C4Q are more favorable for Zn ion uptake
because they display lower ESP than the bilateral carbonyls (Fig. 2E).
The number of Zn ion uptakes for each C4Q is three (Fig. 2F).
According to the change of calculated Gibbs free energy, the reaction
of C4Q + 3Zn = Zn3C4Q occurs at 0.91 V, which is close to the practical
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discharge potential (1.0 V). At the top of C4Q where there are two car-
bonyls, the distance between Zn and each of two O atoms is both 1.83 A.
At the bottom of C4Q, where there are four carbonyls, the distance be-
tween Zn and two of the nearer carbonyl O atoms is 1.88 A, and the
distance between Zn and the other two relatively distant O atoms is
2.50 A. These distances demonstrate that the Zn ions have strong inter-
action with two carbonyls at the top and four carbonyls at the bottom
(54). When the fourth Zn ion uptake was considered, two possible ge-
ometrical configurations of Zn,C4Q were calculated. One is when Zn
ion uptake occurs at the top of Zn;C4Q (fig. S6A), and the other is
when Zn ion uptake occurs on the side chain of Zn;C4Q (fig. S6B).
These two configurations correspond to theoretical discharge plateaus
of 0.08 and 0.03 V, respectively, indicating difficulties for the formation
of Zn,C4Q. The DFT calculations results are also in accordance with

the capacity of the experiment. Note that in the more stable config-
urations of the above two structures (as is shown in fig. S6A), the
fourth Zn has moved away from the C4Q because of the geometrical
optimization process. After full optimization, the distance between
the fourth Zn and the nearest O is as far as 3.56 A, indicating no Zn-O
bond formation. Moreover, even at an extremely low current density,
the capacity is still about 337 mA h g (discharge time continues for
over 60 hours), corresponding to the third Zn ion uptake (fig. S7). Pro-
minently, both the configuration and volume of C4Q show little change
after the third Zn ion uptake, contributing to the low polarization of
Zn-C4Q batteries.

To further confirm the active center of C4Q, we designed an ATR-FTIR
battery to investigate the variation of quinone with Zn ion uptake/removal.
A tailored stainless steel mesh is used to load the C4Q cathode in which
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Fig. 1. Quinone electrodes in aqueous ZBs. (A) Schematic diagram of preparing C4Q. (B) Discharge/charge voltages and capacities of selected quinone compounds (1,2-NQ,
1,4-NQ, 9,10-PQ, 9,10-AQ, and C4Q) in aqueous ZBs. The typically reported inorganic electrodes including KCuFe(CN)g (37), Nag.9sMnO, (26), Zns[Fe(CN)gl, (30), FeFe(CN) (29),
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the infrared (IR) light is able to push through the cathode and obtain the IR
spectroscopy (Fig. 3A). The stretching vibration of carbonyl is at about
1650 cm™", With the in-depth process of discharging, the intensity of the
carbonyl vibration peak declines, indicating the reaction between Zn ions
and carbonyl. The intensity rises again to a high level after the charging
process, indicating the removal of the Zn ion from C4Q (Fig. 3, B and
C). In comparison, another characteristic peak located at about
1300 cm™" belongs to the stretching vibration of CH,, a connecting ben-
zoquinone unit (9), which is nearly unchanged in discharge and charge
processes. Meanwhile, in situ Raman spectra present the same structural
evolution (fig. S8A). The peaks at a Raman shift of about 1670 cm™! can
be assigned to the C=0 bond, becoming very weak after full discharge
and reverting to the original intensity after full charge (55). These results
illustrate that the redox center of C4Q is carbonyl. In addition, ex situ
XRD patterns demonstrate the high reversibility of crystal structures
after Zn ion removal (fig. S9) (56). After fully discharging, zinc is homo-
geneously distributed in the C4Q cathode (fig. S10). It is worth noting that
O and C are homogeneously distributed in the fully charged C4Q cathode
without any zinc, indicating the removal of Zn after the charge process
(fig. S11). After a long-term cycling, the cathode materials still show good
reversibility according to the results of FTIR spectroscopy, (Fig. 3B),
Raman spectroscopy (fig. S8B), and XRD (fig. S9).

Electrochemical performance optimization

Two different separators, filter paper and a cation-selective membrane
(Nafion; fig. S12), have been used to test the electrochemical properties
of C4Q in aqueous ZBs. The typical loading of active materials is

~2.5 mg cm 2, leading to the areal capacity of ~0.8 mAh cm™ and zinc
utilization of ~4% (fig. S13). The capacity still remains about 90% at the
loading mass up to 10 mg cm 2, at which point the zinc utilization in-
creases to 15% (fig. S14). The Nafion membrane was initially soaked in
the electrolyte over 1 day before use. After soaking, the zinc is uniformly
distributed in the cross section of the Nafion membrane (Fig. 4A). The
soaked membrane was directly used as both separator and electrolyte.
The symmetric Zn/Nafion/Zn batteries demonstrate that the Nafion
membrane is stable and fast for Zn ion diffusion. The gap between
Zn plating and Zn stripping is still only 70 mV after cycling for 800 hours
(Fig. 4B). The dissolution in organic electrolyte of electroactive quinone
electrodes has been known as a serious drawback, hindering their prac-
tical application. As a result, the C4Q cathode applied in ZBs with or-
ganic electrolyte undergoes rapid decay (fig. S15). The raw quinone
compounds are scarcely soluble in water, making the quinone electrodes
in aqueous batteries display much better cycling performance. However,
the slight solubility of quinone salts (discharge product) accompanied by
its possible side reaction on zinc anode has to be considered for long-life
cycling. The uptake of Zn jons will ionize the C4Q with formation of
Zn,C4Q. Then, the dissociation of Zn,C4Q to Zn>* and C4Q*™ makes
it more soluble than C4Q. The dissolved C4Q* in the electrolyte can
pass through the filter paper and react with zinc, forming a by-product
on the anode side (fig. S16). Both the by-product formation and
the dissolution of the discharge product cause the decline of capacity.
The by-product on the anode side belongs to the species of Zn,C4Q
according to the results of FTIR spectroscopy and XRD (fig. S17). In
comparison, the Nafion membrane is ion-selective and only permits
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the cation to cross (57). Therefore, the batteries with the Nafion mem-
brane show much more stable cycling performance owing to the pre-
vention of anions from crossing. The capacity retention is 93% after 100
cycles (Fig. 4C). Furthermore, the morphology evolution shows the pro-
tection of the Zn anode without the generation of the by-product (fig.
$18). Moreover, after 1000 cycles at 500 mA g, the capacity retention
is still 87%, which only declines at 0.015% per cycle (Fig. 4D). The Zn-
C4Q batteries with the Nafion separator also display decent rate
performance. The specific capacities at the current densities of 50,
100, 250, 500, 750, and 1000 mA g_1 are 333, 273, 220, 197, 174, and
172 mA h g, respectively (fig. $19). The high current density will in-
crease the polarization to ~200 mV, resulting in a reduced energy effi-
ciency of about 80% (fig. S20). The reason for fading of capacity at high
current density is the low conductivity of quinone materials. After
increasing the weight ratio of Super P conductive additive, the capacity
remains 215 mA h g™ after 100 cycles at 500 mA g (fig. S21).

To demonstrate the prospect of large-scale application, we
assembled pouch cells for galvanostatic tests. As illustrated in Fig. 4E,
the pouch ZBs are fabricated with multilayered stacking configurations
(digital photos; fig. S22) (58). The energy density of the pouch cell is
~220 Wh kg ™" by the mass of electrodes (C4Q and theoretically used
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zinc metal, calculation in the Supplementary Materials) and ~80 Wh kg™
by the total mass of the pouch, far exceeding that of commercial aqueous
lead-acid batteries (~40 Wh kg™"). Moreover, the pouch cells are pack-
aged under atmospheric environment and operate at a narrow voltage
window, which facilitates large-scale integration. The voltage plateaus
are basically maintained at ~1.0 V for the pouch cells. However, fading
of capacity begins to occur within 10 cycles due to high zinc utilization
(close to 50%) of the designed pouch batteries (fig. S23). Although opti-
mization such as protection of zinc anodes at high utilization is still
needed for long-time cycling, these preliminarily tests demonstrate that
aqueous ZBs with quinone electrodes are promising for safe and reliable
energy storage.

Dissolution behavior characterization

To give insight into the distinction of electrochemical performance be-
tween filter paper and a Nafion membrane, we developed an in situ UV-
vis spectroscopy technology to observe the dissolution of redox species
in aqueous electrolyte (fig. S24). For batteries with the Nafion mem-
brane that is closely attached to the C4Q cathode, only weak absorption
peaks emerge and the electrolyte remains clear after cycling, proving the
suppression of dissolution (Fig. 5A and fig. S25). The nearly unchanged
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Fig. 3. FTIR characterization of quinone electrodes. (A) Schematic diagram of in situ ATR-FTIR analysis. The cathode was tightly pressed on the surface of the diamond. When
the IR light reflects on the surface of the cathode, it will penetrate a certain depth of sample and obtain the FTIR spectra. (B) FTIR spectra of a pristine, 1st charged, 100th charged,
200th charged, 1st discharged, 100th discharged, and 200th discharged C4Q cathode. a.u,, arbitrary units. (C) In situ ATR-FTIR spectra of the C4Q cathode in one discharge/charge
cycle (the current density is 20 mA g~'). The peaks at around 1650 cm™" were assigned to the stretching vibration of carbonyls.
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UV-vis curves also prove that the concentration and composition of
the electrolyte are stable with cycling. In comparison, the electrolyte
of the batteries without Nafion coating turns light yellow after cycling
with the gradually enhanced UV-vis adsorption peaks, being ascribed to
the dissolution of discharge products in the electrolyte (Fig. 5B). The
peaks in the UV-vis test correspond to soluble species of C4Q™" in dis-
charge products, which is further proved by nuclear magnetic resonance
(NMR) spectra using deuterium oxide (D,O)-based electrolyte (fig. S26).
To characterize the Zn>" transmission ability of the Nafion membrane,
we tested the membrane potential of C4Q. The membrane potential is

12 mV and the corresponding Zn jon transmission number is 0.83, in-
dicating the excellent cation selectivity and fast Zn>* transmission abil-
ity of adoptive Nafion membrane (fig. S27) (59, 60). Electrochemical
impedance spectroscopy (EIS) presents the resistance variation with dif-
ferent separators (fig. S28). The resistances of batteries with the Nafion
membrane show little change with cycling, whereas both the solid elec-
trolyte interface and charge transfer resistance with the filter paper sep-
arator increases apparently. This phenomenon is supposed to be caused
by the dissolution of discharge products and by-product generation at
the anode side.
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Fig. 4. Electrochemical performance optimization of aqueous Zn-C4Q batteries. (A) Scanning electron microscopy (SEM) images and corresponding energy dispersive x-ray
spectroscopy mapping of the cross-sectional view of a Nafion membrane before (up) and after (low) electrolyte soaking. (B) Discharge/charge curves of a symmetric Zn/Nafion/Zn
battery at a current density of 50 uA cm™ and discharge/charge for 2 hours at each cycle. (C) Cycling performance of Zn-C4Q batteries with the Nafion membrane o filter paper as

separators at the current density of 100 mA g™’

, accompanied with the coulombic efficiency with the Nafion membrane. (D) Cycling performance of Zn-C4Q batteries and

coulombic efficiency at the current density of 500 mA g™' with a Nafion separator. (E) Galvanostatic discharge/charge curves of pouch cells. Both energy densities calculated
by electrodes (C4Q cathode and theoretical Zn anode) and by the total battery have been labeled on the bottom and top of the x axis. The inset shows the packaging technology

and assembled pouch cell with a standard capacity of 0.1 and 1 A - hour, respectively.
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Fig. 5. Dissolution behavior of aqueous ZBs. (A) In situ UV-vis spectra of Zn-C4Q batteries with a Nafion separator. (B) In situ UV-vis spectra of Zn-C4Q batteries without a Nafion
separator. These reformed batteries were discharged and charged at the current density of 100 mA g™, and the UV-vis spectra were collected every 10 min.

The above results demonstrate that quinone electrodes have shown
great potential in aqueous ZBs. In addition to coupling with metal zinc,
Mg, being a lightweight metal, can also be applied as an anode in aque-
ous batteries. In that case, the working voltage can be further elevated
because of the lower standard potential of Mg>*/Mg. A preliminary
test of a Mg-C4Q battery shows a capacity of 247.4 mA h g' with a
discharge potential of 1.54 V (fig. S29). Furthermore, the DFT calcu-
lations also demonstrate the stability of C4Q after the third Mg-ion
uptake (fig. S30), and the fourth Mg ion uptake occurs at about 0.4 V.
The calculated average discharge potential is about 1.8 V, which is close
to the result of the experiment (fig. S30). Meanwhile, other calix quinone
compounds, such as calix[6]quinone and calix[8]quinone, with similar
structures are also potentially high capacity cathodes in aqueous batteries.
More exciting progress can be anticipated on this field using quinones
and other organic compounds.

DISCUSSION

Through using multicarbonyl quinone compounds composed of natu-
rally abundant elements (C, H, and O), we have enriched the family of
electrode materials for aqueous ZBs. The sustainable organic electrodes
display a high capacity of 335 mA h g and a low charge/discharge
potential gap of 70 mV at 20 mA g, The cycling stability is up to
1000 times with 87% capacity retention at 500 mA g~'. The pouch
cells deliver a flat operation voltage of 1.0 V with an energy density of
220 Wh kg ™" by the mass of C4Q and theoretically used zinc metal
(corresponding to 80 Wh kg ™" by the total mass of pouch cells). More-
over, the combination of theoretical simulation and experimental in situ
FTIR and Raman spectra demonstrates that carbonyls with more neg-
ative ESP are active centers for Zn ion storage. The operando UV-vis
spectra show that ion-selective membranes can inhibit the dissolution
of discharge products and protect zinc anodes from poisoning by qui-
nones in aqueous ZBs. These technologies are also promising for the
characterization of other materials. These organic material-based aque-
ous metal (Zn and Mg) batteries have produced interesting topics.
Through elaborately designing the molecular structure, we predict that
more organic materials with higher capacity and voltage will be availa-
ble in further studies.

Zhao et al., Sci. Adv. 2018;4:eaa01761 2 March 2018

MATERIALS AND METHODS

Material preparation

The C4Q was prepared from the raw materials of calix[4]arene (9). The
diazotization-coupling reaction took place on p-aminobenzoic acid to
generate the compound of 5,11,17,23-tetrakis[(p-carboxyphenyl)azo]-
25,26,27,28-tetrahydroxycalix[4]arene (compound 1). After azo reduc-
tion reaction, compound 1 was transferred into 5,11,17,23-tetrakis
[(p-carboxyphenyl)azo]-25,26,27,28-tetrahydroxycalix[4]arene (com-
pound 2). Finally, compound 2 was further oxidized and C4Q was ob-
tained. The characterizations of C4Q (yellow powders) were as follows:
IR spectra, 1650, 1613, 1296 cm™"; "H NMR, 3.47 parts per million (ppm)
(CH,-, s,2H) and 6.70 ppm (CH=C-, s, 2H); >C NMR, 30.4, 134.2, 146.6,
185.3, and 187.2 ppm; elemental analysis: C, 69.91 weight % (wt %); H,
3.49 wt %; electrospray jonization mass spectrometry (mass/charge ratio):
[M], 480.4; found: [M+Cl]~, 514.8; density, 1.6 g cm; and SEM image,
microrods. Other quinone compounds (1,2-NQ, 1,4-NQ, 9,10-PQ, and
9,10-AQ) are commercially available.

Battery testing

The electrodes were prepared with C4Q, Super P conductive additives,
and polyvinylidene fluoride with a weight ratio of 6:3.5:0.5. 1-Methyl-2-
pyrrolidinone was used as a dispersing agent. The mixed slurry was
smeared on a thin titanium foil or stainless steel and dried in an oven
at 80°C for 12 hours. The loading mass of C4Q ranged from 2.5 to 10 mg cm
for coin cells and about 10 mg cm ™ at each side of the Ti foil for pouch
cells. The typically used Ti foil current collector was ~25 pm (round piece
with a diameter of 10 mm), and the thickness of the active materials on
the Ti foil was ~48 um. The electrodes of commercial 1,2-NQ, 1,4-NQ,
9,10-AQ, and 9,10-PQ were fabricated under the same conditions. Zn
foil was applied as a counter electrode. The typical weight of Zn foil is
13 mg cm ™, and its thickness was ~20 um (round piece of zinc with a
diameter of 14 mm). The electrolyte was 3 M Zn(CF;SOs), aqueous
solution. A Nafion membrane was pretreated at 80°C step by step with
4wt % H,0, aqueous solution for 0.5 hour, distilled water for 0.5 hour,
0.8 M H,SO, for 0.5 hour, and H,O for 0.5 hour. The treated Nafion
membrane was impregnated in electrolyte for 2 days and used as the
separator without further electrolyte addition. In comparison, the com-
mercial filter paper was also applied as a separator. The filter paper was
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composed of fiber and the ash content was less than 0.1%. The pore of
the filter paper was 30 to 50 pm provided by Wohua Filter Paper Limited
Company (Hangzhou). Both coin 2032 and pouch cells were assembled
for battery testing. The amount of electrolyte was about 50 ul for coin cell
batteries in starved form using the filter paper separator. The galvano-
static discharge/charge tests were conducted on a LAND-CT2001A bat-
tery testing instrument. Cyclic voltammograms were obtained on Parstat
2263 electrochemical workstation (Princeton Applied Research and
AMETEK Company). EIS was obtained on the Parstat 4000
electrochemical workstation with the frequency from 100 kHz to 10 mHz.

Characterization

Bruker TENSOR IT was used to carry out the in situ ATR-FTIR test. To
collect the IR spectra, we assembled a reformed battery in which a stain-
less steel mesh was applied as the current collector. The C4Q mixed with
a small portion of Super P was then pressed on this current collector to
fabricate the cathode. The cathode was first put on the diamond of
TENSOR I, followed by a filter paper separator along with a small
quantity of electrolyte. The zinc foil was then added to construct the
final battery. This battery was fastened to the instrument for battery test
and spectra collection. In situ Raman spectra were taken with a Thermo
Fisher Scientific DXR Raman microscope with excitation at 638 nm from
an argon ion. To let the laser light enter the battery, a small hole was drilled
in the cathode shell, which was then covered with an Al,O; optical glass. In
situ UV-vis spectroscopy was performed on a JASCO V-550 UV/Vis spec-
trophotometer. The cuvette was reformed as an electrochemical tank. The
reference cuvette was filled with the pure electrolyte. The Zn anode and
cathode with or without a Nafion membrane were put into the working
cuvette with the same electrolyte of 3 M Zn(CF5SOs), aqueous solution
for battery testing. XRD patterns were tested on Rigaku MiniFlex600 (Cu
K,, radiation). The morphology was represented with the field-emission
SEM (JEOL JSM7500F) and TEM (Philips Tecnai FEI).

The transmission number of Zn**

The transmission number of Zn>" can be used to evaluate the capacity
of ionic selectivity. A large value of the transmission number (close to 1)
implies good ion selectivity, which can be calculated by the following
equation

RT
E" = (2" — 1) In &

1

(1)

nF Oy

where E™ is the tested membrane potential, ;" is the transport number
of Zn**, and 0, and o, are the mean activity of solution. The value of E™
can be tested from the instrument drawn in fig. $27 (12 mV). 0, and o,
are calculated as follows (60)

o =v,Cr,0 = 7,6 (2)

Iy, = —1.172|12* 2" |V1 (3)
1 2

I=>3CZ (4)

where C is the concentration of ions and Z is the corresponding charge
number. In this experiment, the solution on the left and right of the
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Nafion membrane are 1 mM and 5 mM Zn(CF;S03),, respectively.
The certain equation results are as follows:

1) Eq. 4: I;;nm = 0.003, Isy = 0.015.

2) Eq. 3: Ya1mm = 0.8795; Y, smm = 0.7504.

3) Eq. 2: 0, = 0.8795 x 1077 0, = 3.752 x 107°.

4) Eq. 1: ™ = 0.83.

The Zn®" transmission number was 0.83 and close to 1, indicating
high Zn®* selectivity and transmission capacity.

Calculation details

DFT calculations were carried out with the Gaussian 09W software
package to gain structural information of the abovementioned mole-
cules. Geometrical optimization adopted the B3LYP method with
6-31+G(d,p) basis sets. On the basis of the optimized structure of a
C4Q molecule, ESP analysis on van der Waals surface was done to de-
duce the possible Zn ion uptake positions using the Multiwfn 3.3.8
software package and the cubeman utilization in the Gaussian 09W
software package. Gibbs free energies in water solution were calculated
using an steered molecular dynamics solvent model, with the method
and basis sets in consistence with geometrical optimization.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/3/eaao1761/DC1

fig. S1. lllustration of rechargeable aqueous ZBs using quinone electrodes.

fig. S2. Electrochemical properties of other quinone compounds.

fig. S3. LUMO energy and average discharge potential of different quinone compounds.

fig. S4. CV curves of Zn-C4Q battery at 0.5 mV s~ for 100 cycles.

fig. S5. CV curves of other quinone compounds.

fig. S6. The uptake of the fourth Zn ion in the molecular structure of C4Q.

fig. 57. Discharge and charge curves of Zn-C4Q battery at 5 mA g~

fig. S8. Raman characterizations of Zn-C4Q batteries.

fig. S9. Ex situ XRD characterizations of Zn-C4Q batteries.

fig. S10. TEM characterization of C4Q electrode after discharge.

fig. S11. TEM characterization of C4Q electrode after charge.

fig. S12. Composition of Nafion.

fig. S13. SEM images of the prepared C4Q cathode on titanium foil.

fig. S14. Capacity retention and zinc utilization using different loading masses of C4Q.

fig. S15. Electrochemical performance of Zn-C4Q batteries in organic electrolyte.

fig. S16. Digital photos of the Zn anode, separator (filter paper or Nafion membrane), and C4Q
cathode after cycling.

fig. S17. Characterization of the zinc anode after cycling using a filter paper separator.

fig. S18. SEM images of electrodes before and after cycles.

fig. $19. Rate performance of Zn-C4Q batteries with a Nafion separator.

fig. 520. Galvanostatic discharge and charge curves with selected cycles at 500 mA g~ and
corresponding energy efficiency.

fig. S21. Cycling performance of Zn-C4Q battery using C4Q cathode with a higher conductive
carbon ratio (60 wt %).

fig. $22. Exhibition of pouch cells.

fig. S23. Digital photo and SEM image of the zinc anode after cycling in pouch cells.

fig. S24. Digital photos of designed batteries after in situ UV-vis spectrum collections.

fig. S25. Selected two-dimensional UV-vis spectra.

fig. 526. "H NMR spectra of different electrolytes after cycling in batteries used for the UV-vis
test.

fig. S27. Membrane potential tests.

fig. S28. EIS of Zn-C4Q batteries.

fig. S29. Electrochemical performance of aqueous Mg-C4Q batteries.

fig. $30. Structure of C4Q after uptake of three Mg ions.

table S1. Maximum specific capacity and lowest discharge/charge gap of electrodes coupled
with metal zinc in aqueous batteries.
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