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ABSTRACT: High-safety, low-cost, and high-volumetric-capacity rechargeable
magnesium batteries (RMBs) are promising alternatives to lithium ion batteries.
However, lack of high-power, high-energy, and stable cathodes for RMBs hinders
their commercialization. Herein, an environmentally benign, low-cost, and
sustainable covalent organic framework (COF) cathode for Mg storage is
reported for the first time. It delivers a high power density of 2.8 kW kg™’ a high
specific energy density of 146 Wh kg™, and an ultralong cycle life of 3000 cycles
with a very slow capacity decay rate of 0.0196% per cycle, representing one of the
best cathodes to date. The comprehensive electrochemical analysis proves that
triazine ring sites in the COF are redox centers for reversible reaction with
magnesium ions, and the ultrafast reaction kinetics are mainly attributed to
pseudocapacitive behavior. The high-rate Mg storage of the COF offers new
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opportunities for the development of ultrastable and fast-charge RMBs.
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ith the increasing demands of advanced energy storage

devices for electric vehicles and smart grids, consid-
erable research efforts have been devoted to developing safe,
low-cost, and high-capacity rechargeable batteries."” Since the
commercialization in 1991, lithium-ion batteries (LIBs) have
dominated the energy storage market due to their high energy
density and long cycle life.” However, safety concerns, limited
lithium resources, and high cost hinder the ever-growing
application of LIBs. Among battery systems beyond LIBs,
rechargeable magnesium batteries (RMBs) are very promising
for large scale energy storage, because magnesium (Mg) is not
only abundant, inexpensive, and extremely safe under ambient
atmosphere but also has nearly twice (3833 mAh cm™) the
volumetric capacity of lithium (Li) anodes (2046 mAh
em™3).*"® More importantly, different from Li and sodium
(Na) anodes, Mg anodes are dendrite-free during long-term
Mg plating and stripping, enabling RMBs to become inherently
high-safety battery systems.” All of these merits make RMBs
more promising in the market of low-cost and sustainable
energy storage devices.

Despite these advantages, lack of high-performance cathode
materials still impedes further development of RMBs. The
intercalation chemistry of highly polarized Mg®* in cathode
materials is complicated and sluggish, especially in inorganic
cathodes, due to the strong electrostatic interaction between
the divalent cations and host materials as well as the
redistribution of electric charges of cations in the host lattices.®
These cations exhibit several orders of magnitude higher
diffusion barriers than Li* in the same cathode, compromising
the electrochemical performance, or even preventing the
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intercalation of Mg“.9 Furthermore, the most common
electrolytes (chloride-containing electrolytes) in RMBs show
narrow voltage windows and may generate irreversible
passivation layers on anodes which prohibit the reversible
Mg plating and stripping.”'”"" Up to now, Chevrel phase
MogS; is still the most promising inorganic cathode material
for RMBs.'” However, the low operating voltage, low capacity,
and sluggish reaction kinetics preclude its commercial
application. Therefore, searching for high-performance cathode
materials is critical for the development of RMBs.

Compared to inorganic cathode materials, organic cathode
materials are abundant, low-cost, sustainable, and environ-
mentally benign. Moreover, most organic cathodes, with more
flexible Mg®* transfer pathways and lower intermolecular forces
than inorganic cathodes, are expected to improve reaction
kinetics and cycling stability in RMBs.'*'* However, most
conventional organic compounds suffer from high solubility in
organic electrolytes and low electronic conductivity, leading to
fast capacity fading upon cycling.'® Extensive efforts have been
devoted to circumventing these two challenges. Liao and co-
workers have synthesized 2,6-polyanthraquinone (26PAQ) and
1,4-polyanthraquinone (14PAQ) as cathodes, which exhibit
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Figure 1. (a) Schematic illustration of the COF. (b) TEM images of the COF, showing a layered structure (the inset is HRTEM of the COF). (c)
Raman spectrum and (d) nitrogen adsorption—desorption isotherms of the COF. (e) The total, C-2p orbital-resolved, and N-2p orbital-resolved

DOS plots of the COF.

excellent battery performances in RMBs.'* Mg-26PAQ_ can
deliver over 100 mAh g~' discharge capacity at 0.5 C (130 mA
g™') with 82% capacity retention after 100 cycles. For Mg-
14PAQ, a discharge capacity of 104.9 mAh g™ can be retained
at 0.5 C. Yao and co-workers also reported quinone-based
polymer cathodes, poly(1,4-anthraquinone) (P14AQ), 2,5-
dimethoxy-1,4-benzoquinone (DMBQ), and poly(P-
(NDI20D-T2)), in RMBs.'® The specific energy of P14AQ
was up to 243 Wh kg™!, and the P(NDI20D-T2) cells showed
specific power up to 3.4 kW kg™' when tested in three-
electrode cells. These organic materials deliver high energy
densities that match or even exceed those Chevrel phase
cathodes. More importantly, good structural tunability of
organic electrode materials enables further performance
optimization for RMBs."”

The covalent organic framework (COF) is a porous
polymeric material composed of lightweight elements (C, H,
N, and O) connected by covalent bonds.'® It has received
considerable research interests owing to its successful
applications in catalysis,19 gas storage,20 energy storage,21 etc.
With cross-linked polymeric structure, the COF is stable and
insoluble in organic electrolytes,"® which is suitable for battery
applications. In addition, its highly ordered porous structure
and large surface area provide a sufficient electrode—electrolyte
interface, leading to fast Mg ion diffusion and adequate
accommodation for volume change during the electrochemical
process. These advantages render COF materials promising
cathode candidates for Mg storage.

Electrolytes also play a critical role in Mg storage.”” Most
electrolytes applied in RMBs are mainly based on the
combination of a Mg-containing Lewis base (Grignard
reagents and MgCl,) and a Lewis acid (AICl; and AlPhy),
known as Mg—chloride complex electrolytes.”””* However, the
chloride-containing electrolytes are corrosive to noninert metal
current collectors (stainless steel, aluminum) and have narrow
voltage windows that inhibit the usability of high-voltage

cathode materials.’ Furthermore, in most chloride-containing
electrolytes, MgCl" is the active cation that participates in the
electrochemical reactions. Since the supply of chloride only
comes from electrolytes, the specific energy of a battery is
much lower than the Mg** storage chemistry.'® These
disadvantages restrict the practical application of RMBs.
Given these, it is imperative to search for desirable cathodes
with high power and energy density and stable chloride-free
electrolytes for Mg storage.

Herein, we report a high rate and stable COF cathode with
a dendrite-free Mg anode and chloride-free as well as Mg-
compatible electrolyte in Mg storage for the first time. This
cathode material shows high power density (up to 2.8 kW
kg™"), high specific energy density (up to 146 Wh kg™'), and
long cycling stability, representing one of the best electro-
chemical performances among all reported organic cathodes to
date. It delivers an initial discharge capacity of 102 mA h g™" at
0.5C (1 C=114mAhg ") and still retains 70 and 52% of the
capacity as the current density increases to 2 and 10 C,
respectively. Moreover, at a high rate of 5 C, a reversible
capacity of 72 mAh g™ can be achieved with a slow capacity
decay rate of 0.0196% per cycle for 3000 cycles, representing
one of the most outstanding cycling stabilities for organic Mg
cathodes. The detailed kinetics analysis further explores the
nature of charge storage. Rather than slow kinetics, large
voltage hysteresis, and low reversibility for most RMBs, the
COF-based cathode material demonstrates fast cation
diffusion, ultrastable cycling stability, and ultrahigh rate
properties owing to pseudocapacitive behavior with high
capacitive contribution. Therefore, this type of porous COF
cathode enables low cost, high sustainability, and high
performance in Mg storage, which are demanded for most
energy storage devices.

The COF was synthesized from rational polymerization of
organic monomer 1,4-dicyanobenzene by heating it with ZnCl,
in quartz ampules at 400 °C.""**** ZnCl, acts as a reaction
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Figure 2. Electrochemical performance of the COF cathode in Mg storage. (a) Cyclic performance at 0.5 C (1 C = 114 mAh g™"). (b) Discharge—
charge curves of the COF at 0.5 C. (c) Rate performance. (d) Discharge—charge curves of electrodes at different rates.

catalyst for micropore formation. The COF material is a
porous-honeycomb polymer composed of benzene rings and
triazine rings with a two-dimensional (2D) layered struc-
ture.”**® First-principle computation based on density func-
tional theory (DFT) was applied to calculate the optimized
structures, showing a hexagonal micropore of 1.39 nm (Figure
1a). The morphology and detailed structure are observed by
transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) (Figure 1b). The
COF material has a lamellar structure. The HRTEM image
(inset of Figure 1b) from the edge of the sheet reveals that
each sheet is an accumulation of (001) oriented sheets with an
interlayer spacing around 3.4 A. The phase of the COF was
also identified by X-ray diffraction (XRD) (Figure S1), which
shows a broad peak at 26.1°, corresponding to an interlayer
distance of 3.4 A for the aromatic sheets. The relatively broad
peak suggests a short-range ordered framework, consisting of
aromatic rings. The lamellar structure of the COF has a similar
structure to boron oxide based covalent organic frameworks
introduced by Yaghi et al.”” The Raman spectrum in Figure 1c
reveals the carbon hybridization in the COF. Typical peaks
located at around 1330 and 1590 cm™ are attributed to the D
and G bands of the COF, respectively. The G band is
attributed to the vibration of sp® carbon atoms in the COF
structure constituted by benzene rings and triazine rings,
similar to porous graphite and graphene.”*”® The D band is
originated from defects and disorders in the 2D honeycomb
layers. Fourier transform infrared (FT-IR) spectroscopy
(Figure S2) further confirms the structure of the COF. The
absorption band at 1507 cm™' represents the formation of
triazine rings.”””> The Brunauer—Emmet—Teller (BET)
surface area and pore size distribution were measured from
nitrogen sorption isotherms (Figure 1d). The surface area of
the COF is 428 m” g~' with a total pore volume of 0.18 cm?®

g~'. The average pore size in the COF is 1.35 nm, which
confirms the existence of micropores. In the X-ray photo-
electron spectroscopy (XPS), the C 1s spectrum of the COF
shows three distinct peaks located at 284.8, 286.8, and 288.2
eV, respectively (Figure S3). The peak at 284.8 eV is assigned
to sp? carbons (—C—C—, —C=C—), the peak at 286.8 eV
is attributed to N—C==N in triazine rings, while the peak at
288.2 eV is characteristic of those —C=0, suggesting an
oxidized surface.””*° There are no signals of Zn 2p and Cl 2p
for pristine COF material in XPS spectra (Figure S4). It
confirms that ZnCl, catalyst is removed thoroughly and no
chloride element remains in pristine COF material. The
electronic properties of the COF were also investigated by
DFT calculations. Figure le shows the total, C-2p orbital-
resolved, and N-2p orbital-resolved density of state (DOS)
plots of the COF material. The obvious overlap between the
N-2p and C-2p orbitals suggests the strong intercalation
between C and N atoms. The COF polymer exhibits a
semiconductor character with a calculated band gap of 2.58 eV.
The layer structured COF with reasonable electronic
conductivity is a desirable cathode material for Mg storage.
The electrochemical performance of the COF cathode in
Mg storage has been evaluated with 0.5 M Mg(TFSI),/DME-
based electrolyte and Mg metal anode in coin cells. This DME-
based electrolyte can achieve reversible Mg deposition and
anodic stability at more than 4.0 V vs Mg (Figure SS). The
electrochemical performance of bare Mg anodes in 0.5 M
Mg(TFSI),/DME-based electrolyte was measured in a Mg//
Mg symmetrical cell (Figure S6). The Mg/ /Mg cell exhibits a
very stable voltage profile at a current density of 0.1 mA cm™.
The cell overpotential is 78 mV throughout the whole 200
cycles, indicating the excellent stability of Mg plating/stripping
in 0.5 M Mg(TFSI),/DME-based electrolyte. Dissolution of
the COF in the 0.5 M Mg(TFSI),/DME-based electrolyte was
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Figure 3. Schematic illustrations of the reaction mechanism and equations of organic cathodes in (a) chloride-containing and (b) chloride-free
electrolytes. (c) Ragone plot of representative organic RMBs and Chevrel phase MogSs considering the MgCl storage mechanism and the
theoretically required amount of electrolytes (DMBQ,"> Mg-14PAQ,"* PHV-C1,*! naphthalene-hydrazine diimide polymer (NP),"* P(NDI20OD-
T2),"° P14AQ,"° and MoSg>?). Solid line: energy densities were calculated from coin full cells. Dashed line: energy densities were taken from
three-electrode cells by assuming cathodes can pair with Mg anodes. The values of discharge potentials obtained from three-electrode cells were
used as discharge voltages by ignoring the stripping overpotential of Mg metal. Discharge capacities were also obtained from three-electrode cells.

(d) Long-term cycling performance of the COF at S C.

performed (Figure S7). After a long time immersion of the
COF in the electrolyte, the electrolyte solution still maintains
transparent, indicating the insoluble nature of the COF in this
electrolyte. The COF delivers an initial discharge capacity of
102 mAh ¢! at 0.5 C (1 C = 114 mAh g') (Figure 2a).
During long-term cycling, the magnesiation/de-magnesiation
process is highly reversible with a Coulombic efficiency of
~100%. The COF electrode shows sloping magnesiation/de-
magnesiation curves from the 1st cycle to the 100th cycle at
0.5 C (Figure 2b). A reversible capacity of 74 mAh g™ can be
retained after 100 cycles, demonstrating exceptional cycling
stability. The rate performance of the COF was also measured
at progressively increased current densities ranging from 0.2 to
20 C (Figure 2c,d). The specific capacity is 107 mAh g~' at 0.2
C, and it still retains 70 and 52% of the 0.2 C capacity as the
current density increases to 2 and 10 C, respectively. The
electrochemical performance of the COF was also tested in
two chloride-containing electrolytes: 0.25 M (PhMgCl),/
AICL,/THF (APC) and 025 M Mg(TFSI),/MgCl,/DME
(MTCC) electrolytes. As shown in Figure S8, the cycle
stability and rate performance of the COF in these electrolytes
are much worse than those in chloride-free Mg(TFSI),/DME-
based electrolyte.

The ion storage chemistry plays a significant role in the
specific energy of batteries. The electrochemical reaction
comparison based on MgCl* and Mg** storage chemistries in
Mg batteries is shown in parts a and b of Figure 3, respectively.

Energy density versus power density for organic cathodes in
various reported Mg batteries are compared in Figure 3c. Since
the most reported RMBs used chloride-containing Mg—
chloride complex electrolytes, the salt involved in the
magnesiation/de-magnesiation process should be counted. By
counting salt mass in Mg batteries that use chloride-containing
Mg—chloride complex electrolytes, COF/Mg full cells have the
highest specific energy density among all of the reported Mg
coin-cells, although some cathodes such as DMBQ,’'

P14AQ,"* and poly(hexyl viologen dichloride) (PHV-CI)*!
have a high specific energy density without counting salts in
electrolytes (Figure $9).'° However, since the salts in
electrolytes participate in overall reactions in these cathodes,
the specific energies of some materials are even lower than
inorganic intercalation material (Mo4Ss), considering the
MgCl* storage mechanism.'®*> The specific energy of our
Mg storage COF material is not discounted (see the
Supporting Information for detailed calculations), because of
chloride-free electrolyte.'® The detailed parameters based on
Mg and MgCl storage chemistries are summarized in Tables S1
and S2, respectively. The specific energy and power densities
of the COF reach up to 146 Wh kg™' and 2.8 kW kg™,
respectively, standing out among those reported organic
RMBs. Moreover, the cells also showed an ultralong cycle
life. At a high rate of 5 C, an initial reversible capacity of 72
mAh g™' can be achieved with a very slow capacity decay rate
of 0.0196% per cycle for 3000 cycles (Figure 3d), representing
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one of the most outstanding long-term cycling stabilities for
Mg batteries to date. The discharge—charge curve of the COF
electrode after 3000 cycles is shown in Figure S10. Therefore,
the excellent cyclability and high rate capability of the COF
demonstrate that this porous polymer is a promising cathode
material for high-performance Mg storage.

The quasi-equilibrium potential and polarization of the COF
cathodes during charge/discharge process were further ex-
plored by the galvanostatic intermittent titration technique
(GITT) and cyclic voltammetry (CV) scans at various scan
rates. The COF delivered a reversible capacity of 114 mAh g™
according to the GITT result (Figure 4a). Figure 4b shows
quasi-equilibrium potentials in the first three electrochemical
cycles. No obvious discharge/charge plateaus can be observed,
indicating that the battery does not undergo a phase
transformation intercalation process.33 The CV curves at
different scan rates were recorded (Figure 4c). The CV
currents (i) at different scan rates obey a power law
relationship with scan rates (v): i = av’ (a and b are adjustable
values).”* The b-value, which can be determined by the slope

of In(v)—In(i) plots, is an indicator for reaction kinetics. For a
redox reaction limited by diffusion, it is close to 0.5. While the
b-value approaches 1, the reaction is mostly controlled by a
capacitive process, which includes both pseudocapacitance and
nonfaradaic double layer contribution.'® Figure 4d shows the
b-value at different oxidation and reduction states. Since b-
values (0.868 and 0.871) approach 1, the battery is mainly
controlled by a capacitive process.

To further quantify the capacitive and diffusion-controlled
contributions to the whole capacity, the total current response
(i) at fixed potential (V) can be separated into two
mechanisms of capacitive (k;) and diffusion-controlled
processes (k,v'/?), according to the following equation:35’36

i =k + kp'/? (1)

By determining both k; and k, constants, the fractions of
current from the capacitive contribution and diffusion are
distinguished. 72% of the total charge comes from the
capacitive contribution at a scan rate of 0.4 mV s~ (Figure
4e), which contributes to the high rate and stable long-term
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Redox-active sites

Figure S. XPS spectra of the COF collected at different electrochemical states. N 1s spectra at (a) original state, (b) discharged state, and (c)
charged state. (d) The respective ex situ Mg 1s XPS spectra of the COF at denoted states. (e) Chemical structure and possible electrochemical

redox mechanism of the COF.

cycling performance. Figure 4f shows capacity contributions of
the COF at different scan rates. The capacitive contribution
increases with increased scan rates.

The amorphous and stable structure of the COF networks
with interconnected electrolyte-filled pores provides more
active sites for fast Mg>* diffusion and short magnesium ion
transfer pathways, minimizing the sluggish solid-state ion
transport effect. During the ion and electron transfer process,
active cations can easily enter the open spaces in polymers. All
of these are a prerequisite for pseudocapacitance, thus leading
to fast reaction kinetics, ultrastable cycle life, and high power
and energy densities.”* *" In contrast to inorganic materials
with crystalline structures, which usually display slow solid-
state ion diffusion and phase transformation,®® the soft and
porous COF enables fast-charge capability, while maintaining
long cyclic stability. These offer an opportunity to enhance
electrochemical properties and reaction kinetics, revolutioniz-
ing conventional low-power and poor-cycle-life multivalent-ion
battery chemistries.

XPS was performed to investigate surface bonding and
chemical composition changes of the COF cathode during the
charge storage process. The energy storage mechanism is
investigated through tracking variations of N 1s and Mg 1s
peaks during the discharge/charge process. The C 1s peak at
284.8 eV in pristine COF is used as a reference binding energy.
The N Is spectrum of the fresh COF electrode (Figure Sa)
shows three peaks centered at 398.1, 400, and 401 eV,
corresponding to pyridinic-N (N1) in triazine rings, pyrrolic-N
(N2), and graphitic-N (N3), respectively.”” N1 and N2
represent nitrogen atoms, bonding to two carbon atoms, and
donate one or two p-electrons to the aromatic 7-system. N3 is
attributed to quaternary or protonated nitrogen.”' When the
COF electrode is at a discharged (magnesiation) state (Figure
5Sb), the intensity of the N1 peak decreases remarkably, due to
the interaction between Mg** and —C=N— in triazine
rings.**~* The N1 peak is recovered when the electrode is at a
charged (de-magnesiation) state, suggesting the reversible
magnesiation and de-magnesiation of —C=N— in triazine
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rings (Figure Sc). Therefore, —C=N— sites in triazine rings
are redox-active centers of the COF. Figure 5d shows the Mg
Is core level spectra of the COF in pristine and discharged
states. No signal for magnesium can be detected in the XPS
spectrum of fresh COF. When discharged to 0.8 V, an obvious
Mg 1s peak can be observed, indicating the redox reaction
between Mg®* and the COF. As triazine rings are redox sites
for porous COF electrodes, each COF repetitive unit can
reversibly bond with a maximum number of nine Mg ions
during the charge/discharge process, as shown in Figure Se.
Thus, this COF-based cathode material is promising for
developing high-energy and high-power magnesium storage
devices.

The plenty of electrochemically active nitrogen groups in the
COF, especially N-1 and N-3, are important for enhancing the
capacitive process.“’45 N-1 provides numerous active sites for
electrical double-layer capacitance and pseudocapacitance. N-3
improves conductivity, which benefits electron transport.* As
a result, the N-containing and porous structure of the COF
cathode can effectively improve the electrochemical perform-
ance for Mg** storage.'®*’

Based on the above results, we defined a triazine ring with a
benzene ring (CoN;) as the unit cell of the COF electrode.
The overall electrochemical reaction of COF-based RMBs can
be described as follows:

anode:
Mg < Mg** + 2e”
cathode:
CoN; + aMg®t + 2xe” © [(Mg2+)x(C9N3)_2x]

In summary, a triazine-based porous COF is applied as a
cathode material in RMBs. It delivers a specific power density
of 2.8 kW kg™' and a high specific energy density of 146 Wh
kg™'. The COF cathode shows a discharge capacity of 107 mA
h ¢! at 0.2 C. A reversible capacity of 72 mAh g™ can be
achieved at a high rate of 5 C with a slow capacity decay rate of
0.0196% per cycle for 3000 cycles, representing one of the
most outstanding long-term cycling stabilities for Mg batteries
to date. The detailed characterizations and electrochemical
kinetic analysis reveal that the charge storage is controlled by a
capacitive process, ensuring fast reaction kinetics, ultrastable
cycle life, high power, and energy densities. Ex situ XPS results
demonstrate that redox-active sites are based on triazine rings
in the COF. Our findings offer a new direction for developing
environmentally benign, fast-charge, and ultrastable RMB
cathode materials, which also resolve the cost concern and
sluggish Mg** storage kinetics of inorganic crystalline cathode
materials.
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