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Zhou et al. demonstrate an organic aluminum battery composed of a quinone-

based cathode that shows a reversible Al-storage capacity of 215 mAh g�1,
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polarization. This study provides insights into the redox chemistry of Al3+ insertion

and guidance pertaining to the design of high-performance and sustainable

organic battery electrodes.
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SUMMARY

Benefiting from high-volumetric-specific capacity and superior safety
as well as abundant Al source, rechargeable aluminum batteries (ABs)
have attracted much attention. However, the lack of cathode mate-
rials with the desirable capacity and Al3+ insertion/extraction kinetics
has severely limited their practical implementation. Herein, we report
organic 9,10-anthraquinone (AQ) as Al-storage cathode with favor-
able Al3+ uptake kinetics, which demonstrates a reversible capacity
of 215.2 mAh g�1 and good cycling stability. The AQ achieves the
reversible uptake/removal of Al3+ ions as manifested by a plateau
voltage of 1.1 V and a voltage polarization of 0.1 V. Density functional
theory (DFT) is performed to reveal the binding site of carbonyl group
and themetallic state of Al-inserted configuration, which contribute to
fast Al3+ diffusion kinetics and high electronic conductivity. This work
provides insights and guidance on the design of organic electrodes for
the Al-storage performance improvement.

INTRODUCTION

Although lithium-ion batteries (LIBs) have been utilized in energy-storage devices,

there still exist challenges for large-scale application because of the scarcity and

cost of lithium sources as well as inadequate volumetric energy density.1–4 Among

beyond lithium-ion technologies, rechargeable aluminum batteries (ABs) are prom-

ising alternatives due to the high volumetric capacity of 8,034 mAh L�1 arising from

the three-electron transfer process.5–8 Although Al, the third most abundant

element in the earth’s crust, features high safety, low cost, and environmental

friendliness,5,9 Al-storage materials suffer from the large overpotential and low

reversible capacity. The reported Al-storage mechanisms are based on AlCl4
�,

AlCl2
+, AlCl2+, and Al3+ insertion.4,6,10–12 Although AlCl4

�, AlCl2
+, and AlCl2+ inser-

tion can reduce the overpotential to some extent,6,9,12,13 their working mechanisms

are accompanied by consumption of a substantial amount of the electrolyte, thus

reducing the gravimetric energy density of the battery.14 Therefore, it is important

to design and prepare cathode materials with enhanced reversible capacity by Al3+

insertion.

Few electrode materials have the proper crystal structure to facilitate reversible Al3+

insertion. A binder-free and free-standing Co9S8@carbon nanotube15 demonstrates

capacities of 297 mAh g�1 at 100 mA g�1 after 200 cycles and 87 mAh g�1 at 1 A g�1

after 6,000 cycles with a voltage hysteresis of 0.65 V at 100 mA g�1. Fluoride and hy-

droxide co-doping anatase TiO2 with Ti vacancies delivers an overpotential of above

0.7 V and a reversible capacity of 92 mAh g�1.16 Although the Al-storage capacities
Cell Reports Physical Science 2, 100354, March 24, 2021 ª 2021 The Author(s).
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of inorganic materials have been improved, the overpotential stemming from strong

polarization between inorganic materials and Al3+ is quite large, consequently re-

sulting in a large irreversible capacity5,17 that undermines energy conservation.

Considering the balance of required energy on charging and provided energy on

discharging, reducing polarization overpotential of cathode materials with Al3+

insertion/extraction is meaningful and urgent.

In the case of organic electrochemical redox reactions, cations as charge transfer

carriers are only used for charge compensation;18,19 hence, organic materials are

suitable cathode candidates for rechargeable ABs to eliminate the polarization be-

tween host and Al3+. In addition, organic materials are characteristic of structure di-

versity, flexibility, and environmental friendliness, which accords with the pursuit of

‘‘sustainable battery’’ or ‘‘green battery.’’19–21 The conjugated carbonyl compounds

are intriguing electrode materials on account of the abundant source, high redox

reversibility, and high theoretical capacity.22–24 Inspired by the suitable redox po-

tential of quinone-based electrodes as well as attractive voltage plateau and low

overpotential in alkali-metal-ion batteries,25,26 it is worth investigating their Al-stor-

age performances in AB systems.

Herein, an organic AB comprising the sustainable quinone-based cathodes with the

Al3+ insertion mechanism is designed and demonstrated. The AQ cathode shows a

reversible Al-storage capacity of 215.2 mAh g�1 at a current density of 100 mA g�1

and excellent cycling performance (up to 192.4 mAh g�1 even after 200 cycles). Be-

sides, the charging/discharging process exhibits a desirable discharge voltage of

1.1 V and a small-voltage polarization of only 0.1 V. The resultant mechanism anal-

ysis reveals that AQ configuration facilitates fast insertion/de-insertion of Al3+.
RESULTS

Structural characterization

The commercial AQ power was directly used as active material without any treatment.

The X-ray diffraction (XRD) analysis (Figure S1) reveals that all peaks of the AQ are

readily assigned to monoclinic crystal structure and P21/c space group (Database:

JCPDSno. 36-1890). The scanning electronmicroscopy (SEM) image (inset of Figure S1)

shows sub-micro rods with a smooth surface and length of 10�50 mm. The character-

istic peak of the functional group can be displayed through Raman spectra of the

AQ (Figure S2), in which the Raman shifts at 1,667, 1,600, and 685 cm�1 correspond

to stretching vibration of carbonyl group, ring stretching vibration, and ring out-of-

plane vibration, respectively. To evaluate the Al-storage performance, coin-type cells

are assembled using AQ as the cathode, Al foil as the anode, and chloroaluminate ionic

liquid (IL) as the electrolyte (Figure 1A). As shown in Figure 1B, the distortion of the AQ

structure from the planarity is relatively small, and the planarmolecule is essentially pre-

served. Along the a-axis, eachAQmolecule lines up in a row, confirming the typicalp-p

interplanar interaction from the conjugated carbonyl groups in the six-membered ring

skeleton.27 The crystal is thus packed by intermolecular hydrogen bond. Based on the

electrochemical characteristics of the AQ electrode in alkali-metal-ion batteries, it can

be predicated theoretically that one AQ molecule on the average has two carbonyl

groups for 2/3 Al3+ ion to form the enol-Al bond during discharging (Figure 1C). There

is the ideal reverse structural transformation upon charging from the enol bond to con-

jugated carbonyl group. The theoretical capacity of AQ in ABs is around 257mAhg�1 if

all the carbonyl groups are utilized, in which case each Al ion likely combines three

oxygen atoms from the carbonyl group of three adjacent AQ molecules as a result of

steric hindrance.
2 Cell Reports Physical Science 2, 100354, March 24, 2021



Figure 1. Working mechanism of the AQ based on Al3+ storage

(A) Schematic illustration of the rechargeable aluminum battery with AQ as the cathode material in

an ionic liquid electrolyte during discharging.

(B and C) Crystal structure of AQ (B) and theoretical electrochemical redox reaction (C) of the Al

anode and AQ electrode in aluminum batteries.
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Electrochemical performance

Considering the importance of electrolyte on the Al-storage properties, the avail-

ability of as-prepared chloroaluminate IL was evaluated (Figure S3). The electrolyte

possesses good reversibility and high dissolution/deposition efficiency below 2.8 V

due to the anodic limit of the electrochemical window. The Al-storage performance

of organic AQ is shown in Figure 2, and the loading on each electrode is 12�16 mg

cm�2. Figure 2A shows the representative charging/discharging profiles of the AQ

electrode at 20 mA g�1, and a pair of distinctive redox platforms appeared (a dis-

charging stage at 1.1 V and a charging stage at 1.2 V). Compared to existing cathode

materials with Al3+ insertion (Figure 2B; Table S1),10,15,28–36 the overpotential of the

Al//AQ cell is small (only 0.1 V). Moreover, the small polarization of the AQ in ABs is

comparable to that in LIBs25,37 and superior to that in sodium-ion batteries.26 The

effective voltage plateau is significant for the working mode at a constant voltage

similar to popular Na3V2(PO4)3 with the NASICON (Na+ superionic conductor) struc-

ture.38,39 The cyclic voltammograms (CVs) acquired from the Al//AQ cell (Figure S4)

exhibit notable redox peaks at 1.1 and 1.2 V at a scanning rate of 0.1 mV s�1, consis-

tent with the charging/discharging profiles.

Figures 2C and S5 present the charging/discharging curves at the 1st, 2nd, 10th, 50th,

and 100th cycles, and the charging/discharging platform is remarkably steady. The

charging/discharging curves at 1st cycle present horizontal working voltage plat-

forms. The polarization at 1st cycle is 0.17 V, and the polarization after the 2nd cycle

is remained at 0.1 V. With increasing cycling number, there is no change in the

voltage plateau with the exception of a slightly smaller plateau length. This redox

profile of the AQ is difficult to obtain from inorganic materials based on the working

mechanism of Al3+, and this will be discussed later in the mechanism analysis.

Figure 2D demonstrates the long-term cycling performance of the AQ electrode.
Cell Reports Physical Science 2, 100354, March 24, 2021 3



Figure 2. Al-storage performance of the AQ electrode

(A and B) Representative charging/discharging profiles (A; inset is dQ/dV curve of the Al//AQ cell)

and comparison of the voltage platform (B) of the Al3+-storage cathodes.

(C–E) Charging/discharging curves for different cycles at 20 mA g�1 (C), cycling performance at 100

mA g�1 (D), and rate performance (E).

(F) Ragone plots of the AQ electrode and other representative materials with Al3+ insertion for Al

batteries.
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It can be seen that an initial discharge capacity of the AQ electrode is 215.2 mAh g�1

at a current density of 100 mA g�1, and the discharge capacity just slightly decreases

with cycle extension along with a Coulombic efficiency of approximately 97.5%. A

discharge capacity of 192.4 mAh g�1 is achieved even after 200 cycles in conjunction

with capacity retention of 89.4%, illustrating superior reversibility in ion shuttling.

This could undoubtedly exert considerable influence on the maximization of mate-

rial utilization and energy conservation. The conductive additive acetylene black

as Al-storage material only delivers a capacity of 6 mAh g�1 (Figure S6). Compared

to the AQ, the Al-storage capacity of acetylene black is negligible. Figure 2E dis-

plays the rate capacities of the AQ at current densities of 20, 30, 50, 100, 200, and

500 mA g�1, and they correspond to discharge capacities of 229, 226, 219, 211,

190, and 166 mAh g�1, respectively, indicativng the fast diffusion kinetics in the

AQ//Al battery. When the current density reverts back to 100 mA g�1, the AQ elec-

trode still possesses a capacity of 210 mAh g�1, indicating the flexible and stable

configuration of the AQ. In the meantime, polarization of the AQ electrode does
4 Cell Reports Physical Science 2, 100354, March 24, 2021



Figure 3. Al-storage mechanism of the AQ electrode

(A) Galvanostatic charging/discharging profile of the AQ electrode marked by different charging/

discharging states.

(B and C) Ex situ FTIR spectra (B) and ex situ XRD patterns (C) of the AQ electrode for the marked

positions in (A) acquired at 2nd cycle.
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not change until the current density reaches 500 mA g�1 (Figure S7). Compared to

other common materials with Al3+ insertion,15,29,31,35 the AQ electrode has large

gravimetric energy and power densities (Figure 2F), due to the high working voltage

and reversible capacity. The superior electrochemical performance suggests

amazing voltage platform and low overpotential of AQ as organic electrode mate-

rials in ABs.
Al-storage mechanism analysis

The inserted/extracted mechanism of carbonyl compounds is believed to be the

transformation between carbonyl groups and enol bonds during the Li-storage

and Na-storage processes.20,40,41 For the AQ in ABs, ex situ Fourier transform

infrared (FTIR) spectroscopy and XRD patterns are conducted to elucidate the struc-

tural change of the AQ electrode in different charge/discharge states. Figure 3A

shows the charging/discharging profile of the AQ electrode at 2nd cycle at a current

density of 20 mA g�1. As shown in Figure 3B, there is a strong characteristic band at

1,678 cm�1 for the pristine AQ structure, which is ascribed to the stretching vibration

of C =Ogroups. The stretching vibrations at 1,592 and 1,578 cm�1 belong to the C =

C bond in the aromatic ring. During discharging, the signal of carbonyl stretching
Cell Reports Physical Science 2, 100354, March 24, 2021 5



Figure 4. Intrinsic analysis of guest ion

(A) Mass change of the AQ electrodes upon discharging.

(B) EDS spectra of the AQ electrode in the fully charged/discharged state.

(C and D) EDS color mapping images of C, O, Al, and Cl of the AQ electrode in the (C) fully

discharged state and (D) fully charged state. Scale bar, 70 nm.
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gradually diminishes, while a new band at 1,100 cm�1 appears and becomes more

intense, which can be assigned to enol (= C�O) stretching. During charging,

carbonyl vibration at 1,678 cm�1 reversibly recovers, and enol stretching weakens

and ultimately disappears. The flexible transformation in the AQ structure provides

the solid foundation for the redox reversibility and high Coulombic efficiency. The

results also demonstrate that the Al storage behavior of the AQ is an enolization pro-

cess from carbonyl groups to enolate groups, which is the same as that in lithium/

sodium ion batteries.25,26 The ex situ XRD patterns collected from different states

are displayed in Figure 3C. Almost all the peaks of the AQ shift to large angle or

disappear on discharging. The corresponding deviation of the crystal plane is asso-

ciated with the linking of Al-O bonds among the AQ clusters accompanied by

contraction of the interplanar spacing. Upon subsequent charging back to 2.1 V,

all the peaks reversibly recover, confirming the robust and elastic structure of the

AQ for repeated Al3+ coordination. The reversible structural change is responsible

for the superior Al-storage properties of AQ.

To identify the inserted species in the Al//AQ system, the electrode mass change is

determined in conjunction with energy dispersive X-ray spectroscopy (EDS). The

theoretical weight change of the electrode versus discharged capacity is given in

Figure 4A. Considering the discrepancy of the molar mass and charge number of

AlCl4
�, AlCl2

+, AlCl2
+, and Al3+, the increasing electrode weight for AlCl4

�,
AlCl2

+, and AlCl2
+ insertion is larger than that for Al3+ insertion. The experimental

mass change of the AQ electrode is barely measurable (Table S2), which is close

to that theoretically calculated for Al3+ insertion. The EDS signals of the AQ

electrode in the fully charged/discharged state (Figure 4B) provide clues about

the electrochemical participation of Al3+ but without Cl species. Note that the strong
6 Cell Reports Physical Science 2, 100354, March 24, 2021
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Cu signal stems from the Cu foil substrate. In order to eliminate the influence of the

strong Al peak signal from Al substrate on the intercalated aluminum compound

characterization, we choose Cu foil as the substrate to make guest ion insertion

easy to be observed, because no Cu element exists in electrodematerial. Inductively

coupled plasma (ICP) analysis reveals a nearly zero Cl content in both the fully

charged and fully discharged states. In addition, only a charge capacity of 4.5

mAh g�1 is obtained when adopting first charge mode (Figure S8), which rules out

the possibility of AlCl4
� anion intercalation. Comparing Al 2p and Cl 2p spectra of

the AQ electrode in different electrochemical states through X-ray photoelectron

spectroscopy (XPS) (Figure S9), the Al signals increase and decrease regularly, but

the Cl intensity is always low, thereby corroborating the absence of Cl participation

in the Al-storage process. Hence, it can be inferred that the redox reaction of AQ in

ABs hinges on Al3+. Different from the redox reaction of alkali-metal-ion batteries,

the Al3+ coordination requires three negatively charged O atoms from the enoliza-

tion of carbonyl groups. The C 1 s and O 1 s XPS spectra (Figures S10 and S11) reveal

the identical commutation between carbonyl groups and enol groups. Existence of

quinonyl carbon in any stage is closely related to the stability of the robust hexa-

tomic-ring framework, which contributes to the remarkable reversible Al-storage ca-

pacity. The peak at the large binding energy (295.3 eV)42,43 suggests the forming of a

cluster structure when Al3+ coordinates with O. Considering the para-oriented steric

configuration, the wanted carbonyl groups possibly come from three adjacent AQ

molecules to fulfill the coordination of one Al3+, probably leading to the cluster

configuration of the discharged products. Moreover, the elemental maps of the

AQ electrode in the fully discharged/charged state (Figures 4C and S12) disclose

Al3+ as the working species. It is noted that no materials are yet to satisfy the Al3+

electrochemical performance, and the Al-storage behavior of the AQ overcomes

this hurdle with superb cycling capacity and polarization.

Theoretical calculation

Density functional theory (DFT) computation is performed to provide a better un-

derstanding of the characteristic of the AQ electrode (Figure 5).44,45 The band

structures and projected density of states (PDOS) are calculated to investigate

the electronic structure of the AQ (Figures 5A and S13). The Fermi level is set to

0 and plotted as a dashed line. The overlap between the orbitals of Al and O

near Fermi level indicates the electronic interaction. It can be observed that the

shape of DOS for the AQ does not seriously change after Al3+ insertion. The

change in electronic structure is attributed to the rise of the Fermi level induced

by the extra electrons from Al. The new Fermi level would cross the previous con-

duction band, resulting in metallic properties. It is concluded that the AQ crystal is

semiconducting with a bandgap of 1.76 eV, but it turns into a metallic state after

Al3+ insertion. The valence band maximum and conduction band minimum of AQ

are composed of the 2p orbitals of C and O, which contribute to the states around

the Fermi level upon Al3+ insertion. The electron transfer from Al to C and O im-

proves the electronic conductivity of the AQ electrode, giving rise to smaller po-

larization and lower overpotentials during repeated charging/discharging, which

is consistent with the results obtained by electrochemical impedance spectroscopy

(EIS) (Figure S14). To simulate the structure during Al3+ insertion, several possible

insertion sites are analyzed for Al3+, and the most energetically favored structure is

displayed in Figure 5B. The lattice parameters show that the Al3+ insertion pro-

duces little variation in the axis length and cell volume (from 470.17 to 459.01

Å3; Table S3), consequently ensuring good structural stability and capacity reten-

tion. The change in b and g indicates that the AQ molecules rotate and distort

slightly to achieve strong binding with Al3+. The flexible AQ structure facilitates
Cell Reports Physical Science 2, 100354, March 24, 2021 7



Figure 5. Structural computation of the AQ served as Al-storage cathode

(A) Projected density of states of AQ before (top) and after (bottom) Al3+ insertion.

(B) Change of bond length (in Å) of AQ during charging-discharging.

(C) Charge density (top) and differential charge density (bottom) of the AQ configuration with Al3+

insertion (green and yellow regions representing electron decrease and increase, respectively).

The isovalue for the charge density and differential charge density are 0.2 and 0.006 e Bohr�3,

respectively.
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relaxed rotation and distortion beneficial to the fast diffusion of Al3+. The charge

density and differential charge density of the Al3+-inserted AQ (Figure 5C) disclose

electron transfer from Al to the nearby AQ, and the quantitative Bader charge

analysis shows that each of the two O atoms closest to Al3+ gains 0.28 e� and

each C atom bonded with the O atom gains 0.36 e�. Meanwhile, the Al atom loses

2.27 e�, demonstrating strong bonding between the Al3+ and AQ molecules, as

observed by XPS. After Al3+ insertion, the nearby C�O bonds are elongated

from 1.24 to 1.34 and 1.36 Å due to conversion from double bonds to single

bonds. Meanwhile, the C�C bonds closest to the carbonyl are shortened from

1.48 to 1.40 and 1.43 Å, indicating the formation of double bonds. These structural

changes further corroborate enolization of AQ upon Al3+ insertion.
DISCUSSION

In summary, organic AQ molecules with the electroactive functional group

are demonstrated to improve the initial reversible Al-storage capacity to
8 Cell Reports Physical Science 2, 100354, March 24, 2021
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215.2 mAh g�1 and the remaining capacity to 192.4 mAh g�1 even after 200 cycles at

100 mA g�1. The ultrasmall voltage gap (0.1 V) and unprecedented working voltage

platform (1.1 V) of the AQ electrode validate its excellent Al3+-storage capability.

The metallic properties of AQ after Al3+ insertion address the low electronic conduc-

tivity issue of organic materials, and the flexible host framework can accommodate

reversible insertion/extraction of Al3+, resulting in small polarization and high revers-

ible capacity. The sustainable organic electrodematerials with good flexibility reveal

the enormous potential of quinone derivatives as high-voltage cathode materials in

rechargeable ABs. This study opens up the exploration of Al3+-storage organic ma-

terials for scalable and green AB application.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Prof. Kai Zhang (zhangkai_nk@nankai.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All of the data associatedwith this study are included in the article and the Supplemental

information. Additional information is available from the lead contact upon reasonable

request.
Material and electrode characterization

The structure of commercial AQ as well as the phase change during charging/dis-

charging were tested by powder XRD (Bruker AXS D8 Advance X-ray diffractometer;

Cu Ka radiation; l = 1.5418 nm). The morphology and element mapping were char-

acterized by field-emission SEM (FE-SEM) (JEOL; JSM-7100F) and transmission elec-

tron microscope (TEM) (JEOL; JEM-2100F). XPS (VG Scientific, UK; ESCALAB 250 Xi

spectrometer) measurement was recorded to analyze elemental valence and coordi-

nation environment of active sites. FTIR transmittance spectra were collected by us-

ing a Nicolet 6700 IR spectrometer (Thermo Fisher Scientific).
Cells assembly and electrochemical tests

The CR2016 coin cells were used to test the electrochemical performance of the AQ

applied in aluminum batteries, assembled by metallic Al foil as both reference and

counter electrode, glass fiber as separator, chloroaluminate IL as the electrolyte,

and commercial AQ sample as working electrode. It should be noted that molybde-

num foil was placed on electrode materials to avoid the side reaction between elec-

trolyte and battery case. In which, the IL electrolyte was the mixture of anhydrous

aluminum chloride powder (99.99%; Sigma-Aldrich) and 1-ethyl-3-methylimidazo-

lium chloride ([EMIm]Cl) (98%; Sigma) with the mole ratio of 1.5. The working

electrode was prepared by mixing active material (9,10-anthraquinone powder),

acetylene black, and poly(tetrafluoroethylene) (PTFE) with a mass ratio of 8:1:1

and then cut into a small disk and dried at 110�C under vacuum for 10 h. The loading

mass of each electrode is �12–16 mg cm�2. Galvanostatic discharge-charge tests

were carried out on a CT2001A battery test system within a voltage range of

0.1�2.1 V (versus Al3+/Al). The CVs and EIS measurement were performed on Auto-

lab electrochemical workstation with a scan rate of 0.5 mV s�1 and the frequency

from 100 kHz to 100 mHz, respectively.
Cell Reports Physical Science 2, 100354, March 24, 2021 9

mailto:zhangkai_nk@nankai.edu.cn


ll
OPEN ACCESS Article
Computational details

The DFT calculations were performed by the Vienna Ab Initio Simulation Package

(VASP).46 The projector augmented wave (PAW) method with Perdew-Burke-Ernzer-

hof (PBE) as exchange-correlation functional was used.46–48 In order to evaluate the

van derWaals interactionsmore accurately, theDFT-D3methodwith Becke-Johnson

damping was chosen for all the computations.49,50 The cutoff energy of 520 eV was

adopted for the plane-wave basis set, andMonkhorst-Pack k-meshes with the k-point

separation less than 0.03 Å�1 were used for the sampling of Brillouin zone.

The differential charge density is defined as

Dr = rðAl =AQÞ � rðAlÞ � rðAQÞ
where Dr is the differential charge density and r(Al/AQ), r(Al), and r(AQ) represent

the charge density of AQ after Al insertion, Al atom, and AQ molecule, respectively.

The charge transfer was also studied by Bader method.51,52 K-point path used in

band structure calculations were generated by Aflow, and the figures of structures

and charge density were plotted using VESTA.53,54
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