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The effects of global warming and rising sea levels on the planet has led to an increased effort of moving
beyond fossil fuels as a primary source of energy. In its place, technologies utilizing renewable resources
such as wind and solar energies have emerged, and as a result the demand for more efficient forms of
energy storage has risen substantially. Lithium-ion batteries (LIBs) have become a popular method of
energy storage whose continued development is dependent upon finding new anode materials that can
rival the performance of graphite. The use of covalent organic frameworks (COFs), a crystalline class of
porous polymers, offers a potential solution thanks to their high surface areas and modular structures,
which enables the integration of a wide variety of redox-active frameworks suitable for energy storage
applications. In this work, an imine-linked COF is synthesized using redox-active dehydrobenzoannulene
(DBA) units and investigated as a novel anode material for LIBs. Since the electronic properties of COFs
can be tuned by the careful selection of redox-active monomers, this work highlights a rare example of
how porous polymer-based anode materials can be engineered by designing and incorporating novel

redox-active building blocks with redox potentials below 2 V.
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Developing anode materials with excellent cycling performance
and energy capacities for lithium-ion batteries (LIBs) is a
challenging task. Herein, we report the synthesis of an imine-
linked covalent organic framework (COF) containing redox-active
dehydrobenzoannulene (DBA) units. The bulk DBA-COF 3 system
exhibits a reversible capacity of 207 mA h g at 50 mA g after 90
cycles. This work highlights the potential of utilizing DBA units to
construct efficient organic-based anode materials for LIBs.

Introduction

Global interest in more environmentally benign forms of energy
production has led to an increasing demand for high-performance
energy storage devices. Lithium ion batteries (LIBs) represent an
important class of energy storage devices because they can
simultaneously provide high energy capacities and high power
outputs, which is desirable for portable electronics and electric
vehicles.»2 However, the performance of LIBs is highly dependent
on the efficiency of the anode. Graphite, the current industrial
anode material for LIBs, offers a maximum theoretical capacity of
372 mA h g?! but the experimental rate performance provides
capacities that are much lower. Although inorganic-based anodes
containing Si,® Sn,* and Ge® have exhibited reversible capacities
higher than 1000 mA h g?, they often undergo volume expansion
during the insertion/extraction of Li ions which leads to “dead”
isolated areas that compromise the cycling performance of the
materials. Thus, there is an on-going challenge to produce low-cost
anode materials that exhibit high energy capacities and great
cycling performance.

Covalent organic frameworks (COFs),® a crystalline class of
porous polymers, have emerged as a suitable platform to construct
lightweight organic-based electrodes for LIBs thanks to their low
densities, high surface areas, tunable pore sizes, and great chemical
stability. These features have also been exploited for applications in
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catalysis,”® energy storage,®!! conduction,23  and

spintronics.’* COFs enable the integration of various m-electron

proton

conjugated monomers to construct two-dimensional (2D) materials
with tailored redox properties. For instance, Feng, Weng, and co-
workers have shown'> that an exfoliated COF containing redox-
active anthraquinone units exhibited fast diffusion of Li ions and
specific capacities as high as 210 mA h g?. Recently, Li and co-
workers have demonstrated’® that a poly(imide-benzoquinone)-
based COF assembled on graphene exhibited a reversible capacity
of 271 mA h gl. While these examples highlight the benefits of
utilizing COFs to create high-performance electrode materials with
efficient Li ion diffusion and electron transport properties, they
mostly apply to organic-based cathodes because their redox
potentials are between 2.0 - 4.0 V versus Li/Li*.” Examples of COF-
based anodes for LIBs are rare with the lone exception of a 14-
electron redox imine-linked COF system recently reported by Sun,
Wang, and coworkers.’® As a consequence, finding redox-active
monomers that can be utilized to construct cheap organic-based
anode materials that could potentially rival graphite is highly
desirable.
Herein, we characterization, and

report the synthesis,

electronic properties of an imine-linked 2D COF containing
dehydrobenzoannulene (DBA)'%-2! units. DBAs are m-conjugated
triangular shaped macrocycles that exhibit reversible redox
potentials?2 and the ability to use their soft alkynyl ligands to bind
Li.232* We show that DBA-COF 3 exhibits a reversible capacity of
207 mA h g after 90 cycles at 50 mA g. Since DBA-COF 3 exhibits
a coulombic efficiency above 95%, this work highlights the potential
of utilizing DBA units to construct efficient organic-based anode

materials for LIBs.

Results and discussion

DBA-COF 3 was synthesized by reacting DBA[12]-CHO with para-
phenylenediamine (PPD) in a 19:1 (v/v) mixture of ortho-
dichlorobenzene (0-DCB) and n-BuOH at 120 °C for 72 h (Scheme 1).
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Scheme 1

DBA-COF 3 was obtained by filtration and washed excessively with
methanol to produce a yellow solid. DBA-COF 3 was purified by
stirring the yellow solids in DMF and methanol for 30 minutes each
to remove any unreacted monomers. Afterwards, DBA-COF 3 was
collected by filtration, washed excessively with methanol, and dried
under vacuum.

DBA-COF 3 was characterized by Fourier transform infrared
spectroscopy (FT-IR) and 3C cross-polarization magic angle spinning
(CP-MAS) spectroscopy. The FT-IR spectra revealed a stretching
mode at 1614 cm (C=N), which is indicative of the imine-linkages
(Fig. S1, ESI). The connectivity of DBA-COF 3 was confirmed by 3C
CP-MAS exhibiting a resonance at 152.8 ppm that corresponds to
the carbon on the imine bond, and a resonance at 92.0 ppm,
which corresponds to the alkynyl units of DBA[12] (Fig. S3, ESI).
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Fig.2  Indexed experimental (red) and Pawley refined (blue) patterns of
DBA-COF 3 compared to the simulated hexagonal unit cell (green) with an
offset of 12 A.
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Fig.1  Nitrogen adsorption/desorption isotherm (top) and NLDFT pore size
distribution (bottom) for DBA-COF 3.
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Thermogravimetric analysis (TGA) indicated that DBA-COF 3
retained ~ 95% of its weight up to 555 °C (Fig. S7, ESI). Scanning
electron microscopy (SEM) images revealed a fluffy and cloud-like
morphology for the material (Fig. S8, ESI).

The porosity of DBA-COF 3 was examined by nitrogen gas
adsorption at 77 K (Fig. 1). DBA-COF 3 exhibited a type IV isotherm
displaying a sharp uptake at low pressure (P/Pq < 0.01) followed by
a small step between P/P, = 0.18 and 0.30. Application of the
Brunauer-Emmett-Teller (BET) model over the low-pressure region
(0.13 < P/Py < 0.18) provided a surface area of 1244 m? g'. The total
pore volume for DBA-COF 3 calculated at P/P, = 0.899 provided a
value of 0.58 cm3 g. The pore size distribution of DBA-COF 3 was
estimated using the nonlocal density functional theory (NLDFT)
method vyielding a value of 2.1 nm. The experimental pore size is
lower than the theoretical of 3.3 nm, which is indicative of the
stacking layers being significantly offset. However, the large pore
size of DBA-COF 3 is advantageous for diffusion of electrolyte
solution and the facilitation of ion transport.

The crystallinity of DBA-COF 3 was evaluated using powder X-
ray diffraction (PXRD). Taking the differences between the
experimental and theoretical pore sizes into consideration, DBA-
COF 3 was modeled using a P6 hexagonal unit cell in which the
adjacent layers were offset by 12 A (Fig. 2). DBA-COF 3 displays an
intense peak at 3.28 followed by smaller peaks at 5.49, 6.32, and
25.7, which correspond to the (100), (110), (200), and (001) planes,
respectively. Pawley refinement of the experimental PXRD data
provided unit cell parameters of a = b = 32.265 A and ¢ = 3.4 A
(residuals Ry = 2.91%, Rwp= 3.53%). The simulated patterns were in
good agreement with the experimental profile. Stability tests
revealed that the crystallinity of DBA-COF 3 is retained after soaking
the material for 24 h in various protic/aprotic solvents and aqueous
solutions (Fig. S9, ESI).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3  (a) CV plot of DBA-COF 3 using 1 M LiPFs in (1:1, v/v) EC/DMC at a

scan rate of 10 mV s?, and (b) an EIS profile of DBA-COF 3 at 10 mV for
different cycles (right).

The electrochemical performance was evaluated by combining
DBA-COF 3  with  Super-P  conductive carbon and
poly(vinylidenefluoride) (PVDF) in a 6:3:1 ratio using CR2032-type
coin cells with metallic Li as the counter electrode. After the second
charge/discharge cycle, cyclic voltammetry (CV) data revealed that
DBA-COF 3 exhibits a pair of gausi-reversible redox peaks at 0.79
and 1.18 V (between 0.0 to 3.0 V) with 1 M LiPFg as the electrolyte
in 1:1 (v/v) ethylene carbonate (EC) and dimethyl carbonate (DMC)
(Fig 3a). The peak current increases linearly in relation to the square
root of the sweep rate demonstrating that the redox kinetics for
this system are faradaic as opposed to capacitive (Fig S10, ESI). The
redox process is likely attributed to the sequential
lithiation/delithiation of the imine-linkage'®?> and DBA core. In
contrast, DBA[12]-imine, an analog of DBA-COF 3 (Fig S12, ESI),
exhibited a trio of redox peaks at 1.28, 1.01, and 0.91 V in 1 M LiPFg
in DMF corresponding to a similar lithiation/delithiation process.
The reduction peaks of DBA[12]-imine at 1.01 and 0.91 V appear to
merge together in the CV plot of DBA-COF 3 (Fig 3a). However, a CV
plot of the DBA[12]-H hydrocarbon also exhibits a broad reduction
peak at 0.85 V in 1 M LiPFs in DMF (Fig S12, ESI), which suggests
that the initial lithiation is possibly occurring on the DBA vertex and
not the benzene ring of the PPD linker of DBA-COF 3.

This journal is © The Royal Society of Chemistry 20xx
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Fig.4  (a) Charge/discharge profile at 50 mA g, (b) cycling performance
of DBA-COF 3 after 90 cycles, and (c) Capacities at different charge-
discharge rates from 50 — 1000 mA g at 5 cycles each.

To investigate the lithation/delithiation process, we performed
X-ray photoelectron spectroscopy (XPS) on pristine, lithiated, and
delithiated coin cells of DBA-COF 3. The C 1s region of the pristine
coin cell (Fig S15, ESI) exhibits five peaks at 290.0, 286.6, 284.8, and
282.9 eV, which correspond to the C=0, C-N, C=C, and C=C
functional groups, respectively. XPS of the lithiated coin cell (Fig
S16, ESI) revealed the growth of a new peak at 288.4 eV, and a
significant attenuation of the peak at 282.8 eV, which correspond to
the emergence of C-O moieties and a decrease in the number of
alkynyl (-C=C-) substituents, respectively. The former reflects the
degradation of electrolyte to form the solid-electrolyte interface
(SEI) layer,?6 while the latter is indicative of lithiating the alkynyl
units of the DBA core. Delithiation of DBA-COF 3 notably restores
the corresponding alkynyl peak demonstrating reversibility of the Li
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binding event (Fig S17, ESI). While it is known that
lithiation/delithiation also occurs at the imine functionalities for
similar  systems,’®25  these results demonstrate  that

lithiation/delithiation of the alkynyl units of the DBA also serve a
critical role in the Li-storage mechanism for DBA-COF 3.

The charge/discharge curves for DBA-COF 3 after 90 cycles at
50 mA gt are provided in Fig. 4a. The first cycle afforded a value of
522 mAhg?! and a low coulombic efficiency of 33.3%. The low
efficiency is attributed to the initial formation of the solid
electrolyte interface (SEl) layer due to decomposition of the
electrolyte. After the 30" and 50% cycles, DBA-COF 3
exhibits reversible capacities of 178 and 185 mA h g! with
coulombic efficiencies of 95.1 and 97.9%, respectively (Fig 4b).
Electrochemical impedance spectroscopy (EIS) revealed impedance
values of 47.8 Q after 30 cycles and 66.7 Q after 50 cycles (Fig 3b).
The emergence of a larger semicircle at the 50t cycle represents a
small increase in the charge-transfer resistance of the cell and is
attributed to the growth of a passivation layer on DBA-COF 3, which
leads to an increase in the columbic efficiency of the bulk system.
After the 90t cycle, DBA-COF 3 exhibits an increased reversible
capacity of 207 mA h g and a steady efficiency of 97.4%. The
excellent electrochemical performance of DBA-COF 3 is attributed
to its insolubility in the electrolyte, the structural stability of the
framework, and the incorporation of the redox-active DBA units.

In addition, we also investigated the rate performance of DBA-
COF 3 (Fig 4c). Testing DBA-COF 3 at increasing current densities of
50, 100, 250, 500, and 1000 mA g at five cycles each afforded
reversible capacities of 184, 149, 123, 107, and 90 mA h g7,
respectively. Although increasing the current density from 50 to
1000 mA g leads to a 50% decrease in performance, the reversible
capacity is mostly recovered at 50 mA g after 30 cycles with a
value of 181 mA g. Overall, this data suggests that DBA-COF 3
exhibits respectable charge and discharge capabilities at low and
high current densities.

Conclusions

In summary, an imine-linked COF containing DBA units was
synthesized and utilized as an anode material for LIBs. DBA-
COF 3 exhibited excellent electrochemical performance in the
bulk phase yielding a reversible capacity of 207 mA h g' and a
coulombic efficiency of 97.4% after 90 cycles. This work
highlights the rare example of utilizing DBA units to construct
lightweight COF-based electrodes with high surface areas for
LIBs. The low redox potentials of DBAs makes them suitable for
constructing the next generation of organic-based anode
materials with excellent cycling performance and high-energy
capacities.
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A redox active dehydrobenzoannulene (DBA) monomer was used to construct an
efficient porous polymer-based anode material for lithium ion batteries (LIBs).
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