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Two-dimensional metal-organic polymers as cathode hybrid
materials for high-performance Al-batteries

Dawid Pakulski,**™* Verdnica Montes-Garcia,” Adam Gorczyriski, Wtodzimierz Czepa,”® Tomasz
Chudziak,>® Michat Bielejewski,® Andrzej Musiat® Ignacio Pérez-Juste, Paolo Samori, " Artur
Ciesielski®<*

Organic materials represent a promising alternative to critical raw materials for energy storage applications due to their
sustainable production combined with tunable structures and functionalities. Unfortunately, the biggest limitation of the
organic materials is their high solubility in aqueous electrolytes, which results in a poor cycling stability. Metal-organic
polymers (MOPs) have emerged as versatile organic materials which exhibit enhanced chemical stability as well as redox
activity depending on the employed building units. Here, by mastering a coordination chemistry approach, two novel MOPs
were synthesized via a coordination process between tetraminobenzoquinone (TABQ) with a metal ion (i.e., zinc or copper)
and were explored as cathode materials for aluminum-ion batteries. The resulting Zn-TABQ MOP exhibited superior
electrochemical performance compared to other common cathode materials in Al-batteries. Specifically, Zn-TABQ revealed
a specific capacity of 198 mAh/g at 0.05 A/g, combined with high-capacity retention (92%) after 5000 cycles at a scan rate
of 1 A/g and an outstanding energy density of 247 Wh/kg. We demonstrated via ex situ characterization that the
electrochemically-active carbonyl (C=0) units of Zn-TABQ coordinate the AICl,* and EMIM* ions, thereby governing the

mechanism of ion storage and release by taking advantage of the nature of the reversible interaction.

Introduction

The unavoidable transition from fossil fuels to renewable energy
sources together with the ever-growing worldwide energy demand
have triggered the search for novel and efficient energy storage
systems (ESS) that can support the transition and the energy supply
for on-demand utilization.1* Since their first commercialization by
Sony in 1991, lithium-ion batteries (LIBs) have dominated the
electronics market. However, the limited and uneven distribution of
lithium reserves across the globe has been recently acknowledged by
EU Monitor in 2020, which identified lithium for the first time as
critical raw material (CRM),> sparking the development of ESS
alternatives relying on the use of Na*, K*, Mg*, Al3*, Zn?*, etc.®
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Among them, rechargeable aluminum-ion batteries (RABs) appear
particularly appealing and exhibit several its environmental
sustainability and limited cost,” as Al is the most abundant metal in
the Earth’s crust (~8%) and the price of its raw materials (i.e.,
aluminium silicates) is also the lowest (1.9 USD/kg) compared to
other metals suitable for their use in ESS.8 Al exhibits the highest
theoretical volumetric capacity at 8,046 mAh/cm3 and its theoretical
gravimetric capacity (2,981 mAh/g) is very close to that of Li (3,861
mAh/g).° Besides, RABs exhibit significant advantages compared with
batteries relying on other metals such as the safety and nontoxicity
of Al. Furthermore, multivalent metals are less prone to dendrite
formation, which opens the possibility for their practical application
as metal anodes.® In their ground-breaking work in 2015 Dai et al.
reported the use of 3D graphitic foam as cathode, Al anode and
AICI;—EMIMCI  (EMIMCI: 1-ethyl-3-methylimidazolium chloride)
chloroaluminate ionic liquid (IL) as electrolyte. This room-
temperature RAB delivered a capacity of 60 mAh/g with 97%
coulombic efficiency (CE) for over 7500 cycles.10 Although graphite-
based positive electrodes exhibit considerable cycling stability, the
Al-storage mechanism is mainly based on the
intercalation/deintercalation of AlCl,~ anions in the graphite layer,
and therefore the capacity will always remain limited by the amount
of electrolyte, resulting in rather modest cell energy densities.1
Therefore, to boost the device’s energy density, the design of novel
electrode materials for Al storage becomes essential.

Organic electrode materials represent a powerful alternative for
further improving the electrochemical performance of RABs, not only



because of their high theoretical capacities, sustainable production
and structural tunability but also because they can store Al ions
through a coordination reaction mechanism.1215 Conjugated
carbonyl (C=0) compounds (i.e., quinones and their derivatives) have
been identified as highly promising redox-active materials due to
their highly reversible electrochemical performance.161°® Upon
electrochemical reduction of carbonyl compounds, negatively
charged oxygen atoms coordinate with positively charged Al-
complexions (e.g., AI?*, AICl,* or AICIZ*), in a reversible process driven
by the oxidation.t 9 16 20, 21 For instance, Lin et al., employed
tetraamino-p-benzoquinone (TABQ) as cathode material for aqueous
zinc-organic batteries, which has been characterized by a high
capacity of 303 mAh/g at 0.1 A/g.22 Unfortunately, the partial
solubility TABQ in the aqueous electrolyte (1M ZnSO4) renders
insufficient cycle life (< 1000 cycles) for commercial applications.22
Metal-organic polymers (MOPs) have emerged as versatile organic
materials for ESS due to their easily tunable structures, chemical
stability, mechanical flexibility, low cost and well-dispersed single
metal sites.328 The flexibility of polymeric materials makes it
possible to insert/extract ions rapidly without significant volume
change and therefore MOPs are capable of achieving fast ionic
intercalations.?® In addition, their pore size, surface area and
electrochemical activity can be easily tuned by the suitable choice of
metal ions and organic ligands. MOPs based on the coordination of
TABQ with Ni, Fe or Co metal ions have been explored in Na ion
batteries, Li ion batteries and Li-O, batteries, respectively.23. 24,30 Ly
et al., synthesized a semiconducting Co-TABQ MOP, which exhibited
a broadly intensive visible-light absorption and can be employed as a
photoelectrode in Li-O, battery.23 On the other hand, Ni-TABQ and
Fe-TABQ have been explored as cathode materials in Na and Li ion
batteries, respectively, delivering high capacities of 469.5 mAh/g (Ni-
TABQ) and 251.1 mAh/g (Fe-TABQ).2* 30 However, the cycling
performance of these materials was only assessed for 450 and 200
cycles respectively. Besides, although the charge storage mechanism
of TABQ was elucidated in both cases, the role of the different metal
ions has not been investigated. We envisage that the selected metal
ions can provide a capacitive contribution to the charge storage
mechanism of TABQ-based MOPs. Among all metal ions, zinc and
copper appear being the ideal alternative, not only because their salt
precursors have the lowest prices (3,031 and 6,836 USD/T
respectively), but also are envisaged to induce a higher theoretical
capacity due to their higher atomic weight. Importantly, to the best
of our knowledge, the great potential of MOPs based on TABQ
coordinated with Zn or Cu ions for energy storage applications
remains unexplored.

Herein, we report on the synthesis of two novel MOPs, i.e., Zn-TABQ
and Cu-TABQ, via the coordination of a redox-active TABQ monomer
with a bivalent metal ion (i.e., zinc or copper). These two metal ions
with different degrees of filled d-shell orbitals (d® — Cu?*; d10—ZnZ*)
were chosen to explore and correlate the resulting chemical
structures with their chemical stability and their electrochemical
performance. The electrochemical performance of Zn- and Cu-TABQ
MOPs is first assessed in a three-electrode system as well as in a
symmetric system by using EMIM ionic liquid as electrolyte. The
influence of surface area, pore size, ionic conductivity, and the
presence/absence of oxidation/reduction of the metal ion in the two
MOPs on the specific capacitance and long-term cyclability has been
assessed. As practical application, a rechargeable Al ion battery is
assembled, in which Zn-TABQ or Cu-TABQ are used as cathode
materials, Al as anode and AICIs—[EMIMI]CI IL as electrolyte. Finally,
ex situ Fourier-transform infrared (FTIR), Raman and X-ray
photoelectron (XPS) spectroscopies together with DFT calculations
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are used to shed light onto the charge storage mechanism of Al-
complex ions by the Zn-TABQ cathode materials.

Results and discussion

Synthesis and structural characterization

Metal-organic polymers (MOPs) based on the coordination of TABQ
with ZnZ* and Cu?* metal ions are assembled using a facile wet
chemical synthesis, where TABQ reacts with an equimolar amount of
Zn2* or Cu?* in a solution of ammonia and dimethylsulfoxide (DMSO)
at room temperature, as shown in Fig. 1 (See experimental section
for details).

=+ (Zn?*
““" NHyH,0
__ DMSO
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Fig. 1. Synthetic pathway of Zn-TABQ and Cu-TABQ MOPs.

The chemical structures of the Zn- and Cu-TABQ MOPs are confirmed
by means of Direct Polarization (DP-MAS) and Cross Polarization
Magic Angle Spinning (CP-MAS) solid-state NMR spectroscopy (See
Fig. 2a and S1t). C13 NMR DP-MAS analyses of Zn- and Cu-TABQ show
two major signals at 159 and 167 ppm respectively, which
correspond to the carbons in the C=N and C=0 bonds. Other peaks
present in both the spectra of MOPs (chemical shifts 90-130 ppm and
~40 ppm) can be ascribed to the aromatic structure of each MOP and
to C-N bonds, respectively. The mechanism responsible for relaxation
in the CP-MAS solid-state is driven in most cases by local magnetic
field fluctuations as well as by dipole-dipole interactions.3% 32 The
presence of diamagnetic ions (e.g., Zn?*) in the structure does not
influence in a significant way the relaxation mechanisms driven by
dipolar interactions between spins (Fig. S1at). However, Cu?* ions,
which are paramagnetic centers, lead to a very effective and fast
relaxation mechanism caused by electron-dipole interaction, which
shortens the relaxation times significantly and lead to a flat NMR CP-
MAS spectrum (Fig. S1bt).33.34

The coexistence of the stretching vibrations of C=N at 1139 and 1577
cm in the Raman spectra of the Zn- and Cu-TABQ (See Fig. 2b)
confirms the electron redistribution on the nitrogen atoms as a result
of their coordination with ZnZ* or Cu2*. Moreover, this coordination
also leads to the appearance of two novel peaks around ~400 cm-t,
which are not present in the Raman spectrum of TABQ (See Fig. S2t)
and correspond to metal-nitrogen bonds.24

Similarly, Fourier transformed infrared spectroscopy (FTIR) analysis
reveals the characteristic stretching vibrations of -NH around 3300
cm! of pure TABQ as well as after the coordination with the ZnZ+ and
Cu?* metal ions (See Fig. S3t). The vibration of the carbonyl bond
(C=0) in Zn-TABQ and Cu-TABQ is blue-shifted from 1664 to 1580 and
1602 cml, respectively, due to the coordination effect and the
attraction between chains.3> The hydrogen bond between the
oxygen atoms of benzoid carbonyls and hydrogen atoms of imines
results in a robust 2D layered structure.36-3° Additionally, two peaks
at 1515 and 1262 cm~! and at 1500 and 1246 cm™! are attributed to
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C=N vibrational modes in Zn- and Cu-TABQ respectively, which
unambiguously confirm the successful generation of new MOPs.
The simulated Raman and IR spectra of TABQ (Fig. S4a-b and Table
S1t) are dominated by the C=0 stretching and ring C=C stretching
bands around 1690 and 1650 cm, respectively, which exhibit
minimal changes upon the complexation of TABQ with Zn ions (Fig.
S51 and Tab. S2t). The shift from 1664 to 1580 cm observed
experimentally in the FTIR spectra of Zn and Cu-TABQ is probably
associated with the multilayer structure and the hydrogen bonding
in the real system and these two effects are not considered in these
calculations on the isolated molecules. In full agreement with the
experimental IR and Raman analyses, the signals of TABQ associated
to the NH; group (around 1560 cm!) disappear in the complex,
changing to a combination of C-C and C=N bands (around 1470 cm-
1). Similarly, the six-membered ring deformation band of TABQ,
around 1320 cm, splits upon the formation of the complex. These
bands in the central region become dominant in the complex and
change significantly the profiles of both IR and Raman spectra.
Therefore, ssNMR analysis together with the remarkable similarity
between the predicted and experimental FTIR and Raman spectra of
TABQ and Zn-TABQ provide unequivocal evidence of the proposed
structures, effectively discarding the formation of C=NH groups.

The chemical states of Zn, Cu, N, and O in Zn-TABQ and Cu-TABQ are
identified by X-ray photoelectron spectroscopy (XPS) analysis in Fig.
S6-8. In the N1s XPS spectra of Zn- and Cu-TABQ in Fig. S7at and
S8at, there is an extra peak at 398.0eV, attributed to the quinoid
imine (C=N), in comparison to the single peak at 399.6 eV, attributed
to benzoidamine (C-N) of pure TABQ (Fig. S9t). 24 40 The clear signal
of carbonyl groups in the O1s XPS spectra (See Fig. S7b and S8b)
suggests no involvement in the coordination with ZnZ*and Cu?*. Fig.
S7c and S8c exhibit the typical peaks at 1021 and 1044 eV of Zn2* and
932, 934, 952 and 954 eV of Cu?+.

Elemental analysis (Tab. S3-4) shows that the ratio of Zn2* / Cu?* and
N is approximately 1:4 for both Zn-TABQ and Cu-TABQ. This suggests
that Zn?* and Cu?* are bonded to TABQ via coordination with four N
atoms of two TABQ units.

Scanning electron microscopy (SEM) is then used to analyze the
MOPs morphology. Fig. 2c-d reveal that the Zn- and Cu-TABQ
polymers possess a homogenous 3D network structure when
compared to the pristine TABQ (Fig. S107).
a b
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Fig. 2. a) 13C DP-MAS solid-state NMR and b) Raman spectrum of Zn-
TABQ (black curve) and Cu-TABQ (red curve). c-d) SEM images of c)
Zn-TABQ, and d) Cu-TABQ.

The electronic structure of the bulk Zn-TABQ complex is then

investigated by density functional theory (DFT) calculations. The
computed projected density of state (PDOS) of Zn-TABQ (Fig. S11t)

This journal is © The Royal Society of Chemistry 20xx

shows, on the one hand, a significant overlap between N-2p, O-2p
and C-2p orbitals as a consequence of the high electron
delocalization along the molecular framework. On the other hand,
the large overlap between the 2p orbitals of the N atoms and the 3d
orbitals of the Zn atoms indicates the strong interaction associated
with the formation of Zn-N bonds in the complex. Furthermore, the
differential charge density analysis of Zn-TABQ (Fig. S12), computed
as Ap = p[Zn-TABQ] — (p[TABQ] + p[Zn], reveals that the electron
density redistribution upon complex formation primarily occurs in
the bonding region between the nitrogen and zinc atoms. This
accumulation of charge supports the square planar coordination of
the Zn2*, Finally, the electronic band structure of Zn-TABQ along with
the high symmetry points of the first Brillouin zone (Fig. S137) reveals
several bands crossing the Fermi level (T-C, I'-V,), which indicates the
metallic character of Zn-TABQ.

The crystalline structure of Zn- and Cu-TABQ is analyzed by powder
X-ray diffraction (PXRD) (Fig. 3, S14-16 and Tab. S5-6). The crystalline
structure of Zn-TABQ is simulated based on the work of Wang et al.2*
but substituting Niz* for Zn2* ions, and then refined the structure by
Rietveld method. The refined unit cell is a monoclinic crystal system
with space group C 2/m and the following unit cell parameters a =
11945 A, b=7.641 A, c=3.844 A, a =y =90.00°, 8 = 93.24°. The
obtained results are portrayed in Fig. 3a-c, whereas the detailed
crystallographic data are displayed in Table S5-6t. The diffraction
peaks at 13.75°, 14.84°, 23.16°, 23.26°, 25.23°, 26.66°, 28.33°, are
assigned to the (110), (200), (001), (020), (310), (111) and (201)
planes, respectively. The experimental PXRD pattern of Zn-TABQ (Fig.
3a, black spectrum) is in good agreement with the calculated pattern,
indicating a good crystallinity. It also differs significantly from the one
of pure TABQ (Fig. S14).
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Fig. 3. a) PXRD spectra of Zn-TABQ (black-experimental and blue
simulated), b) layered and (c) planar monoclinic packing of Zn-TABQ.

The d-spacings calculated from Bragg law correspond to 3.1 A (001
plane — interlayer 2D plane spacing), and the distance between the
Zn2* jons of the neighboring MOP layers is 3.8 A (201 plane) (Fig 3b).
The remaining planes are related to the rigid H-bonded structure?3
and the m-1t stacking between aromatic planes of Zn-TABQ.#! On the
other hand, the experimental crystalline structure of Cu-TABQ is
similar to the one of Zn-TABQ (Fig. S16) with broad signals at ca. 23°
and 27°, corresponding to (001) and (201) planes, respectively,
meaning that the 1D chains of Cu-TABQ are oriented along the X cell
axis plane (201). The main difference lies in the lack of signals related
to the (110) and (200) planes (Fig. S16), which clearly indicate a less
organized structure compared to Zn-TABQ.
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The enhanced thermal stability of Zn- and Cu-TABQ is assessed by
thermogravimetric analysis (TGA) analysis (Fig. S17t) showing values
Ta10 (thermal decomposition of 10% weight) of approximately 341
and 316 9C, respectively. The porosity of Zn- and Cu-TABQ is
evaluated by recording N, adsorption-desorption isotherms at 77 K
(Fig. S18-191 and Table S7t) in their completely activated state, i.e.,
after treating the samples under vacuum (<1 torr pressure) and
heating at 100°C for 12 h. The different parameters calculated from
Brunauer-Emmett-Teller (BET) can be seen in Table S7t.
Interestingly, although the surface area (Fig. S18t) of Cu-TABQ (172
m2/g) is higher than the one of Zn-TABQ (92 m?/g), the pore size
distribution (Fig. S19%) shows the dominance of micropores for Cu-
TABQ (average pore size 3.72 nm) and meso and macropores for Zn-
TABQ (average pore size 28.95 nm). The smaller pore size distribution
obtained for Cu-TABQ is in full agreement with PXRD analysis, which
showed that Cu-TABQ possesses a less ordered structure than Zn-
TABQ as well as with FTIR analysis where a weaker NH---O=C H-
bonding in Cu-TABQ was observed (Fig. S3t). This can be partially
attributed to varying coordination tendencies of Zn2* vs CuZ* ions.
These findings envisage a higher electrochemical performance for
Zn-TABQ MOP.

Electrochemical analysis

Three-electrode system

Prior to the electrochemical characterization of TABQ-based MOPs
we assess and compare the solubility of TABQ monomer and Zn-
TABQ in the selected ionic liquid, EMIMCI/PC. It is accurate to state
that the TABQ monomer, characterized by high symmetry and low
dipole moments, exhibits limited solubility in a 1M aqueous ZnSO,4
electrolyte.22 However, in 1M EMIMCI/PC electrolyte, TABQ
demonstrates significantly higher solubility, which is quantified to 66
mmol/L, in contrast to its solubility of 1.7 mmol/L in 1M ZnSQ,, as
determined through UV-vis characterization (Fig. S20%). Then,
electrodes utilizing TABQ and Zn-TABQ materials are fabricated and
are subsequently immersed in the aforementioned IL for few hours.
As can be clearly observed in Fig. S211, TABQ electrode dissolves and
stains the separator, making electrochemical testing impossible
compared to Zn-TABQ material which is remarkably insoluble.

The electrochemical performance of Zn and Cu-TABQ samples is first
assessed in a three-electrode system using Zn or Cu-TABQ deposited
on glassy carbon as working electrode, graphite as counter electrode,
Hg/HgCl, as reference electrode and 1 M EMIMCI/PC as electrolyte.
Fig. S22a-b shows the CV curves of Zn and Cu-TABQ electrodes,
where Zn-TABQ shows nearly rectangular CVs with small redox peaks
and Cu-TABQ electrodes show a distinct pair of peaks at 0.7/1.2 V,
which is originated from the Cu2*/Cu* couple. At the same scan rate,
the specific capacitances of Zn and Cu-TABQ are correlated with the
scanning areas of the CV curves. It can be easily observed that the
area of Zn-TABQ is greater than that of Cu-TABQ, indicating the
former with higher specific capacitance. In particular, the highest
specific capacitance for Zn-TABQ amounts to 330 F/g at 2 mV/s of
scan rate and to 260 F/g for Cu-TABQ at the same scan rate.
Symmetric cells

The electrochemical performance of Zn- and Cu-TABQ is then
evaluated in a symmetric cell using 1 M EMIMCI/PC ionic liquid
solution as the electrolyte (Fig. S23-24t). Testing electrode materials
in symmetric cells, where both the cathode and anode consist of the
same material, offers several key advantages. For instance, by
eliminating external factors from different materials, it enables a
direct assessment of the material's inherent properties. Symmetric
cells facilitate the identification of the dominant charge storage
mechanism within the material, whether it relies on electric double-
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layer capacitance (EDLC), pseudocapacitance, or a combination of
both. Furthermore, they provide a clear means to assess the
material's rate capability, long-term stability and cyclability. Fig.
S23a-b shows the representative cyclic voltammetry (CV) curves of
Zn- and Cu-TABQ in the range of 0-2 V with scan rates from 2 to 20
mV/s. Large and nearly rectangular CVs with small redox peaks are
observed for Zn- and Cu-TABQ MOPs due to the pseudocapacitive
contribution of the carbonyl groups of TABQ. The galvanostatic
charge/discharge (GCD) curves of both MOPs (Fig. S23c-d) show a
distorted triangular shape, typical of pseudocapacitors. The specific
capacitances of both MOPs are calculated from GCD curves at
different current densities (see eq. 3). The maximum specific
capacitances obtained are 298 and 138 F/g at 0.1 A/g current density
for Zn- and Cu-TABQ, respectively.

The electrochemical impedance spectroscopy (EIS) data is analysed
using Nyquist plots (see Fig. S23e and S24t). As depicted in Fig. S25et
a semicircle is observed within the high-frequency region
representing the foremost supercapacitor’s resistive nature, which
consists of an electrode/electrolyte/current collector. The nearly
vertical line at the low-frequency region reflects an excellent
capacitive behavior of both electrodes. The experimental results are
well fitted with the two indicated circuits (Fig. S24t). The fitting
parameters are reported in Tab. S8%. The magnitude of the R for
both MOPs is as low as ~100 Q and the ionic conductivity amounts to
~0.10 S/m. The low charge-transfer resistance indicates that both
MOP samples possess a good rate capability.

Finally, to investigate the electrochemical stability of the two MOPs
in a symmetric cell, GCD cycling is performed at a current density of
1 A/g (Fig. S23ft). After 5000 cycles, the capacitance decay is below
10% for Zn-TABQ and 20% for Cu-TABQ, respectively, indicating that
both MOPs have excellent cycle robustness.

Comparison between Zn and Cu-TABQ electrodes

By and large, the electrochemical performance of Zn-TABQ exceeds
the one of Cu-TABQ in both, three-electrode system and symmetric
cells. Both MOPs have in common the same core, TABQ, which has
the capacity to store charges through its redox-active carbonyl
groups. The main difference lies in the central metal ion, Zn?* or Cu?*.
Although both metal ions can interact with the electrolyte ions
through a capacitive mechanism, we anticipate that Znz* will remain
redox inactive, while Cu?* will exhibit redox activity within the
applied potential window.42 While it is possible that the redox
activity of Cuz* might enhance the capacitive contribution of Cu-
TABQ MOP, it is essential to take other factors into account as well.
The electrochemical performance of an electrode material is
influenced by various physical properties, including: surface area,
porosity, electronic conductivity, ionic conductivity, ion accessibility,
crystal structure, redox active sites and chemical stability.43 44 Cu-
TABQ MOP exhibits both increased redox activity (Cuz* and TABQ)
and a larger surface area (172 m2/g) in comparison to Zn-TABQ (TABQ
and 92 m2/g, respectively). Nonetheless, the crucial factor appears
to be the higher porosity of Zn-TABQ (dominance of meso and
macropores, average pore size 28.95 nm), which enhances
accessibility to the redox-active carbonyl groups of TABQ and
subsequently boosts the electrode performance. In the Cu-TABQ
system (dominance of micropores, average pore size 3.72 nm), the
poor porosity restricts ionic diffusion and storage, leading to
inadequate mass transfer times, especially at high current densities.
Furthermore, the exceptional crystallinity of Zn-TABQ contributed to
its notable ionic conductivity, which amounts to 0.12 S/m. This value
is approximately 40% higher than the ionic conductivity of the Cu-
TABQ electrode (0.08 S/m) (Tab. S8t). The additional
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oxidation/reduction of the Cu?* ion in Cu-TABQ can also result in
changes in the coordination number or metal ion geometry, leading
to a worse chemical stability. Therefore, the lack of redox activity of
Zn%* endows Zn-TABQ MOP with higher chemical stability, which is
also reflected in the superior long-term cyclability of Zn-TABQ
electrodes (Fig. S23fT).

Al-batteries

To further investigate the electrochemical performance of the MOPs
electrodes for practical applications as cathode materials in aqueous
RABs, a single electrode with a mass loading of ~1 mg/cm? is
assembled in a Swagelok-type cell with an Al anode by using AlCls—
EMIMCI IL as electrolyte. Fig. 4a-b and S27 display the CV and GCD
curves of Zn- and Cu-TABQ, between 0 and 2.1 V and at scan rates
from 1 to 20 mV/s or current densities from 0.1 to 1 A/g, respectively.
Analogously to the symmetric two-electrode configuration, the GCD
curves show a distorted triangular shape without a clear voltage
plateau. As illustrated in Fig. 4a, CV profile of Zn-TABQ exhibits slight
variations between Al battery cells (electrolyte AICI3-EMIMCI) and
symmetric cells (electrolyte EMIMCI/PC). Different electrolytes have
distinct properties, such as ionic conductivity, ion mobility, and redox
potential, which can impact the electrochemical behavior of the
electrode material. These variations in electrolyte properties can
lead to changes in the shape, position, and intensity of the peaks in
the CV profile, making it an essential factor to consider when
studying the electrochemical performance of materials. Fig. 4a
displays three prominent reduction peaks, and less distinct oxidation
peaks. Although the absence of clear oxidation peaks may be
attributed to irreversible reduction processes, similar behavior has
been observed for other systems where the kinetics of electron
transfer during the reduction process are significantly faster than
during the oxidation process. As a result, the reduction peak may be
more pronounced and easier to detect. To ascertain the reversibility
of the redox processes in the TABQ-based MOPs, we conducted five
consecutive CV curves for Zn-TABQ using a scan rate of 50 mV/s. The
remarkable similarity among the five CV curves attests to the
complete reversibility of the redox processes in the Zn-TABQ
electrodes.While the CV profiles of Zn-TABQ show three redox peaks
above 0.9V, attributed to the redox active carbonyl and imine groups
and to the Al-based compounds insertion, the CV profile of Cu-TABQ
(Fig. S251) shows two additional redox peaks in the voltage region of
0-0.8V, which can be attributed to the redox chemistry of CuZt ions
(i.e., Cu*¢=>Cu* and Cu*<>Cu).

To shed light on the nature of the charge storage mechanism of both
MOPs, the kinetics of the electrochemical processes occurring at
both electrode materials is determined by exploiting the procedure
proposed by Wu et al., (see Fig. S271).4> The relation of the peak
current (1) and scan rate (v) from CV complies with the equation:

i=avb (eq.1)
The average values of b for Zn- and Cu-TABQ are 0.55 and 0.60,
respectively. A predominantly diffusion-controlled contribution in
the charge storage mechanism of both MOPs is obtained, as well as
a partial capacitive contribution (i.e., from the central metal ion),
which is higher in the case of Cu-TABQ as expected from its smaller
pore size distribution. To further analyze the capacitive contribution
and the diffusion-controlled contribution at a specific scan rate, the
equation (1) can be divided into two parts:

i = kv + kov1/2 (eq.2)
where kiv and kavl/2 represent the capacitive and diffusion limited
effects, respectively. The capacitive and diffusion-controlled capacity
values at different rates are calculated and shown in Fig. S28 and Fig.
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S31 for Zn and Cu-TABQ, respectively. As shown in Fig. S28 and S29
the diffusion contribution to the charge storage mechanism for the
Cu-TABQ is the highest (80.07%) at the highest scan rate (20 mV/s).
The capacitive contribution gradually increases with the scan rate for
both Zn and Cu-TABQ. This result confirms the hybrid nature of Zn
and Cu-TABQ, with the coexistence of an electrical double layer (EDL)
and battery-type mechanism due to the pseudocapacitive nature
provided by the carbonyl groups.

Subsequently, the capacity of Zn and Cu-TABQ MOPs is calculated
from the GCD analysis between the adopted potential window,
showing that the Zn-TABQ (Fig. 4c) cathode displays a significantly
high discharge capacity of 198 mAh/g compared to 57 mAh/g of Cu-
TABQ (Fig. S30) at the current density of 0.05 A/g and 0.1 A/g
respectively. Besides, Zn-TABQ displays an outstanding maximum
energy density of 247 Wh/kg which is superior to Cu-TABQ (63
Wh/kg) and to all the previously reported common cathode
materials in Al-batteries (Tab. S97).

The higher performance of Zn-TABQ indicates a more efficient
utilization of the carbonyl active sites than in Cu-TABQ, which is in
full agreement with the symmetric cell analysis and is mainly
attributed to the larger pore size distribution of Zn-TABQ. Besides,
the obtained capacity of Zn-TABQ is very close to the theoretical
value (see in Supporting Information the calculation). A good rate
capability is achieved for both MOPs where capacity values of 154,
111.8,97.5,92.1, mAh/g for Zn-TABQ and 55.6, 48.8, 35, 27.6, mAh/g
for Cu-TABQ are obtained at a current density of 0.1, 0.2, 0.5, 1 A/g,
respectively. The long-term charge and discharge tests (Fig. 4d and
S22d) provide evidence for the high cyclability of Zn- and Cu-TABQ
cathodes at a high current density of 1 A/g, which can retain a 92.2%
and 84.1%, respectively, of the initial capacity value after >5000
cycles.
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Fig. 4. Electrochemical characterization of Zn-TABQ in Al-battery
configuration. a) CV curves at different scan rated, b) GCD curves at
different current densities, c) specific capacity as a function of the
current densities, d) cycling stability.

Charge storage mechanism in Al-batteries

To elucidate the charge storage mechanism of Zn-TABQ-based
electrodes in RABs (Fig. 5a), ex situ FT-IR, XPS and Raman
spectroscopy are performed in pristine (1.31V for Zn-TABQ and 1.28V
for Cu-TABQ), charged (2.0 V) and discharged (0.1 V) states (Fig. 5
and S33-38). The storage mechanism of cationic aluminium
complexes, specifically [AICI]®- ¥ where x is 1 or 2, as proposed by
RABs, differs from that of traditional AICl,- or Al3*species. The specific
composition of aluminum complex ion [AICI]® ¥ is influenced by
factors such as the nature of the electrolyte, the structure of the
cathode materials, the occurrence of a redox reaction, and the
charge carried by the particular group.*¢ The ionic liquid electrolyte -
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ethyl-3-methylimidazolium aluminum chloride (AICI3[EMIm]CI) is
typically governed by the chemical equilibrial3. 47, 48;

AlCl; + [EMImCI)] - AlCL} + 2AlCl; + EMIm* (1)

AlCl; + AlCly - Al,Cl; (2)

The cathode materials will interact with the positively charged
species (AICly* and EMIm*) during the discharging process, and with
the negatively charged species (Al;Cl; and AICls7) during the charging
process.
The FT-IR spectrum of discharged Zn-TABQ (Fig. 5a, blue spectrum)
reveals the disappearance of the C=0 stretching vibration at 1580
cm’l, together with the appearance of a C-O stretching vibration at
1236 cm® and the O-Al stretching vibration at 1032 cm1.2% During
the discharging process, carbonyl groups accept electrons and are
reduced to C-O anions, which subsequently coordinate with the
available cations in the media to compensate the negative charge.*®
50 The reduction process also converts the conjugated quinone ring
(pristine and charged states) to a m-conjugated benzene ring
(discharged state). Quinone structure exhibits symmetric double
bonds in the six-membered carbon ring, which results in a larger
dipole moment change of the anti-symmetric stretching vibration
and therefore a stronger IR absorption is observed at 1647 cm
(C=C). The FT-IR spectrum of Zn-TABQ in the charged state (Fig. 5b
red spectrum) resembles the one of the pristine electrode,
confirming the reversible nature of the redox carbonyl groups and
the transition between conjugated structures.
To determine the species involved in the electrochemical reactions,
high-resolution O1s, Al2p, Zn2p, and N1s XPS analyses are then
performed. In full agreement with ex situ FTIR, in the high-resolution
O1s spectra (Fig. 5¢c), the peak intensities of C=0 at 531.86 eV and C-
O at 533.0 eV change cyclically during the electrochemical reactions,
which further confirms the redox-active nature of the carbonyl
groups. In the N1s spectra (Fig. S311), when Zn-TABQ electrode is
discharged to 0 V, the peak of quinoid imine (C=N) at 398.0 eV is
diminished and simultaneously a new peak at 401.9 eV appears,
corresponding to the EMIm* ammonium salt. Both the conjugated
benzoid carbonyls and imines are reversibly oxidized in the following
charging process, as shown in the O1s and N1s XPS spectra in Fig. 5
and Fig. S31, respectively. The high-resolution Al2p spectra (Fig. 5)
reveal the peak at 75.0 eV, which exhibits a higher intensity in the
discharged state, but it is also present in the charged state. To shed
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light on the aluminum complex ions present, the ratio between Cl
and Al is calculated from the survey spectra (Fig. S32t). While the
charged cathode exhibits a Cl/Al ratio of 3.5, indicating that the major
Al-species coordinating to Zn-TABQ is Al,Cly, the CI/Al ratio in the
discharged state amounts to 2, indicating that AICl,* is the dominant
Al-species. To confirm the solely presence of AlLCl; as negatively
charged Al-species, ex situ Raman analysis is performed on the Al
anode (Fig. 5¢). As can be seen in Fig. 5¢c, while multiple signals of
EMIm* can be observed in the charged state, the discharged state
spectrum is dominated by the signal of Al,Cl; at 310 cm,47 and not
AICly, confirming that the overall reaction of the electrolyte as:
AlCl; + [EMImCI)] - AlCL] + Al,Cl; + EMIm* (3)
Ex situ Raman spectroscopy (Fig. S33t) is also performed on the
cathode to confirm the chemical stability of Zn-TABQ upon the
charging and discharging process. Importantly, the high-resolution
Zn2p spectra (Fig. S34t) and the Raman spectra (Fig. S351) confirm
that Zn?* is not involved in the redox processes, as no valence
changes are observed in the operating potential window (Zn?*<>Zn,
2=—0.7618V).

The redox centers in the discharge/charge process of Zn-TABQ are
further confirmed by DFT calculations in Fig. 5d and Fig. S35. Upon
the addition of two electrons to a Zn-TABQ unit, the theoretical
calculations indicate that most of the electron density accumulates
on the molecular framework, especially on the atoms of the carbonyl
group and on the nitrogen atoms as depicted in Fig. S35at and 5d. A
similar trend is also observed when two additional electrons are
added (Fig. S35bt and 5d), being the most significant change that the
extra electron density accumulates appreciably on the carbon
aromatic atoms. Overall, we have demonstrated that the benzoid
carbonyls are the redox centers and responsible for the uptake of
AICI2* and EMIM* during the discharging process. Conversely, during
the charging process, the Zn-TABQ cathode interacts with the
negatively charged Al,Cl;. A summary of the charge storage
mechanism can be seen in Figure S36, specifically, the interactions of
the different electrolyte ions with the Al anode and the Zn-TABQ
cathode during the charging/discharging processes.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

In summary, we have synthesized two novel MOPs, i.e., Zn- and
Cu-TABQ, via the coordination between benzoid imines of TABQ
and Zn2* or Cu2* metal ions, respectively. The polymer chains of
Zn-TABQ and Cu-TABQ are linked by hydrogen bonds between
the oxygen atoms of benzoid carbonyls and hydrogen atoms of
imines to form a robust 2D layered structure. The MOP Zn-
TABQ, whose pore size distribution is dominated by meso and
macropores, possess a higher ionic conductivity, and a redox-
inactive metal ion, exhibited a better electrochemical
performance than Cu-TABQ, whose pore size distribution is
dominated by micropores, and the redox activity of its metal ion
resulted in a lower chemical stability. Specifically, Zn-TABQ
displayed a high capacitance (298 F/g) and long cycling stability
(capacitance retention of 90% respectively, after >5000 cycles)
in a symmetric system, as well as a high capacity, equal to 198
mAh/g at 0.05 A/g and extraordinary cycling stability at 1 A/g
with 92 % retention, after 5000 cycles in aqueous RABs.
Moreover, Zn-TABQ possesses an outstanding energy density of
247 Wh/kg, the highest value reported for cathode materials in
Al-batteries. Finally, we demonstrated via ex situ analysis and
DFT calculations that conjugated carbonyl groups act as the
redox-active centers for the coordination with AICI;* and EMIM*
electrolyte ions. All in all, the coordination chemistry approach
for rational design of novel and versatile redox-active MOPs is
demonstrated being a powerful strategy to boost the
electrochemical performance of Al-batteries and beyond.

This journal is © The Royal Society of Chemistry 20xx

Experimental section

Synthesis of Zn-TABQ and Cu-TABQ

The TABQ monomer was synthesized by following a previously
reported methodology.22 Briefly, 297 mg (0.1 mmol) of zinc nitrate
hexahydrate or 241 mg copper (Il) nitrate trihydrate and 2 ml of
concentrated aqueous ammonia (~14 M) were added to 30 ml of
dimethyl sulfoxide with 168 mg (0.1 mmol) of TABQ under vigorous
stirring. The reaction was kept under stirring for 3 hours under
ambient conditions at room temperature. The solid was soaked in
deionized water (200 ml) and thoroughly washed with deionized
water and acetone for several times and then dried at 80 °C in an
oven for 12 h. Yield: 219 mg (94%) for Zn-TABQ and 207 mg (90%) for
Cu-TABQ.

Material Characterization:

13C NMR spectra of TABQ, Zn-TABQ and Cu-TABQ were carried out
on a Bruker Avance Ill HD NMR spectrometer. The Powder X-ray
diffraction (PXRD) patterns were recorded on X-ray diffractometer
Bruker ASX D8 Advanced with Cu Ka line focused radiation (A =
1.5405 A). Surface areas and porosity were measured by nitrogen
adsorption and desorption at 77 K using a Micromeritics ASAP 2050
and the samples were degassed at 100 °C for 12 h under vacuum
before analysis. Fourier infrared spectrometer FT-IR-4700 JASCO
with ATR Diamond attachment was used to characterize the infrared
spectrum with the mid-IR range 400-3500 cm™. The
thermogravimetric analysis (TGA) of all samples were evaluated with
a Mettler Toledo TGA/SDTA851e system over the temperature range
from 25 to 1000 °C under N; atmosphere at a heating rate of 5 °C
min-1. Scanning electron microscopy (SEM) micrographs were
recorded on an FEl Quanta 250 FEG Scanning Electron Microscope
operating at an accelerating voltage of 5 keV incident beam energy.

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins




X-ray photoelectron spectroscopy (XPS) was performed using a
Thermo Scientific KAlpha X-ray photoelectron spectrometer with a
monochromatized Al Ka anode as X-ray source (1486 eV). The
composition analysis was performed using Vario EL Ill Elementary
Analyser. Raman spectra measurements collected using a Raman
spectrometer were recorded by a Renishaw microscope with a 100x
objective. The crystallographic features as an atomic arrangement
and structure parameters were generated and visualized by VESTA
software.>! The lattice parameters of the crystal structure were
determined from Rietveld refinement to the experimental XRD data
by use Material Analysis Using Diffraction (MAUD) software.>2
Computational methods

Geometrical optimization of isolated structures of TABQ and its Zn-
TABQ complex were performed using density functional theory (DFT)
at the MO062X/6-311++G** level, followed by analysis of their
vibrational frequencies to characterize the structures obtained as
energy minima. These computations were performed using
Gaussian16.53 The description for the vibrational modes and its
assignment to the theoretical IR and Raman spectra was performed
by visual inspection of the atomic displacements for each vibrational
mode in combination with the results from the VEDA program, which
generates an optimized set of internal coordinates based on the
molecular structure and provides a potential energy distribution for
the quantitative analysis of vibrational spectra.>* DFT calculations on
periodic models of TABQ and Zn-TABQ were performed using the
Vienna Ab initio Simulation Package (VASP).55 56 The PBE
exchange-correlation functional was employed with the projected
augmented wave (PAW) method to describe the core electrons and
plane waves with a kinetic cutoff of 520 eV to describe valence
electrons. The experimental 1 x 1 x 1 bulk cell was used for the
calculation of electronic properties along with a l-centered 5 x 8 x 15
Monkhorst—Pack k-point mesh. The VASPKIT code was used for post-
processing these calculations.5?

Electrochemical measurements:

The electrochemical performance of the Zn-TABQ and Cu-TABQ
electrodes including cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD) profiles and electrochemical impedance
spectroscopy (EIS) were evaluated in CR2032 type coin cells and SWE
Swagelok at room temperature.

Electrodes preparation and electrochemical measurements
Electrochemical measurements: CV's and GCD curves were recorded
using EC-LAB VMP3 (BioLogic Science Instrument).

Fabrication of working electrodes: The working electrodes were
prepared by mixing of Zn-TABQ or Cu-TABQ (80% wt, 16 mg), carbon
black (10% wt, 2 mg) and PTFE (10% wt, 2 mg) in agate mortar with
several drops of NMP to obtain a homogenous paste. The paste was
then coated into a carbon paper electrode with diameter of 1.6 cm
and further dried under vacuum at 80° C. The mass loading of the Zn-
TABQ or Cu-TABQ was ~1 mg/cm? in each electrode.

Fabrication of symmetrical two-electrode configuration: Two
electrodes were assembled in CR2032 stainless steel coin-type cells
with a porous cellulose membrane as separator and 1M 1-Ethyl-3-
methylimidazolium chloride in propylene carbonate as electrolyte.
Electrochemical characterization of the symmetric cell: CV was
performed in the voltage range from 0 to 2.1 V using scan rates
ranging from 1 to 20 mV/s. GCD was performed in the same voltage
window using current densities varying from 0.05 to 1 A/g. Cyclability
tests were performed through GCD measurements at 1 A/g scan rate
for 5000 cycles in the same potential window.

Fabrication of Al-batteries: The working electrodes were prepared
according to the following procedures. Zn-TABQ or Cu-TABQ (60
wt%, 24 mg) were mixed with carbon black (30 wt%, 12 mg) and PTFE
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(10 wt%, 4 mg) in agate mortar with several drops of NMP to obtain
a homogenous paste. The resultant slurry was then coated into a
carbon fibre electrode with diameter of 0.8 cm and further dried
under vacuum at 80° C. The mass loading of the Zn-TABQ or Cu-TABQ
was ~1 mg/cm?2 in each electrode.

Electrochemical characterization of Al-batteries: Two-electrode
Swagelok cells with tungsten rod were assembled in glove box to
evaluate the electrochemical performance of Al-batteries. A circular
cathode electrode was stacked with a glass fiber separator (Merck)
and Al foil anode, and then wetted by AICls/[EMIM]CI ~1.3 as
electrolyte. A steel spacer and spring were added afterword and
sealed well for electrochemical measurement.

Electrochemical calculations

Calculation of the specific capacitances: The specific capacitance was

calculated using GCD with following equation:
C. =2 1ot (eq. 3)
ST Av-m €a.

Where, | (A) is the response current, At (s) is the discharge time, AV
(V) is the voltage window and m (g) is the mass of Zn-TABQ or Cu-
TABQ in a single electrode.

Calculation of the specific capacities: The specific capacity was

calculated using GCD with following equation:
_ At (eq. 4)
T 36m €a.

Where, | (A) is the applied current, At (s) is the discharge time, and m
(g) is the mass of Zn-TABQ or Cu-TABQ in a single electrode
(cathode).

Power and energy density calculations

The energy density of the device was obtained from the formula:
1.2

E = 2 26 (eq.5)
The power density of the device was calculated from the formula
P= % 3600 (eq. 6)

Where, E is specific energy (Wh kg1), C is the specific capacitance
(F/g), AV is the potential window (V), P is power density (W kg-1) and
At is the discharge time (s)
Calculation of ionic conductivity (o)
l

RA (eq.7)
Being | the film thickness (100 um), A the film area (1.27 cm?2) and Ri
is the ionic resistance.
Calculation of the theoretical capacity
Theoretical capacity of the Zn-TABQ was calculated by the Faraday’s
law:

g =

Co=nF/Mo (eq. 8)
Where n is the number of electrons transferred (here 4), F is
Faraday’s constant (96485 C/mol) and My is the relative molecular
weight of a Zn-TABQ unit (393.38 g/mol).Therefore, Co= 4 x 96485 /
(3.6 x 393.38)= 272.5 mAh/g
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