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Immobilizing Redox-Active Tricycloquinazoline into a 2D Conductive
Metal-Organic Framework for Lithium Storage
Jie Yan, Yutao Cui, Mo Xie, Guo-Zhan Yang, De-Shan Bin,* and Dan Li*

Abstract: Heteroaromatic-conjugated aromatic molecules
have inspired numerous interests in rechargeable batteries
like Li-ion batteries, but were limited by low conductivity and
easy dissolution in electrolytes. Herein, we immobilize a nitro-
gen-rich aromatic molecule tricycloquinazoline (TQ) and
CuO, unit into a two-dimensional (2D) conductive metal—
organic framework (MOF) to unlock their potential for Li*
storage. TQ was identified redox activity with Li" for the first
time. With a synergistic effect of TQ and CuO, unit, the 2D
conductive MOF, named Cu-HHTQ (HHTQ =2,3,7,8,12,13-
hexahydroxytricycloquinazoline), can facilitate the Li'/e
transport and ensure a resilient electrode, resulting in a high
capacity of 657.6 mAhg™' at 600 mAg™" with extraordinary
high-rate capability and impressive cyclability. Our findings
highlight an efficient strategy of constructing electrode materi-
als for energy storage with combining multiple redox-active
moieties into conductive MOFs.

Lithium-ion batteries (LIBs) have drawn great attentions for
various applications such as portable devices, electric vehicles
and smart grid.“] Therefore, numerous research efforts have
been devoted to the development of advanced electrode
materials for Li* storage with an overall consideration of the
electrochemical performance, resource sustainability and
environmental benignity.”! Owing to their abundant resource,
environmental friendliness, flexible structure designability
and high theoretical capacity, organic electrode materials
have inspired numerous interests in LIBs.”) Among various
organic electrode materials, heteroaromatic-conjugated aro-
matic molecules with multi-electron redox activity for Li*
storage!* originated from the redox-active group like C=N,"!
C=N,"! and N=N"! can ensure a high specific capacity, thus
they are now drawing increasing research interest for high-
energy-density LIBs electrodes.’! Despite their advantages,
the development of organic electrodes based on heteroaro-
matic-conjugated aromatic molecules is challenged by their
easy dissolution in organic electrolytes, low electronic con-
ductivity and sluggish reaction kinetics.”) Building such
redox-active molecules into polymeric structures, like
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metal-organic frameworks (MOFs) which are constructed
by functional molecular building blocks and metal nodes,”
have witnessed numerous successes in resisting the solubility
in organic electrolytes to ensure a robust electrode.'!
However, traditional MOFs show low electrical conductivity,
which locks their potential for electrochemical energy stor-
age. Two-dimensional (2D) conductive MOFs featured in-
plane m-conjugation structure are a type of multifunctional
materials exhibiting outstanding electrical conductivity, usu-
ally constructed from aromatic ligands with ortho-substituted
donor atoms (O, N, S or Se) and single metal ions with square-
planar coordinative geometry.'”l The rigidness of 2D con-
ductive MOFs resists their solubility in organic electrolytes
for outstanding cyclability, and the good conductivity together
with built-in micropores would facilitate the transmission of
both ions and electrons to ensure high-rate capability.
Conductive MOFs have shown great potential in electro-
chemical applications."’*"* Up to now, the redox activity of
conductive MOFs as electrode materials mainly results from
donor atoms (X) in the aromatic ligands and metal centers
(M), namely the coordination units of MX,.'"¥ Heteroaro-
matic m-conjugated aromatic compounds with different donor
atoms as organic ligands in 2D conductive MOFs are rarely
reported.’

As bottom-up fabricated materials, 2D conductive MOFs
provide an effective platform for immobilizing redox-active
organic molecules into a resilient electrode with improved
electrochemical performance for applications in lithium
storage. Among various heteroaromatic-conjugated aromatic
molecules, a nitrogen-rich aromatic molecule tricycloquina-
zoline (TQ) is suitable for the construction of electrode
materials, initially sparked by the existence of four nitrogen
atoms with large - conjugation in the molecule, where C=N
bond has a rich electron density to facilitate Li* ions gathering
and serve as electrochemical reaction centers.>!®! In
addition, each aromatic Cy ring was proved to accept one
Li* ion to form an inserted Li/C,.""! Therefore, it is expected
that two reversible three-electron oxidations undergo on the
central N-doped phenalene of TQ and one reversible three-
electron oxidations undergo on the three terminal phenyl
rings (Scheme 1a).

We thus hypothesize that there are nine-electron related
redox-active behavior of TQ for Li* storage. With nine Li*
ions loaded, the calculated theoretical specific capacity of TQ
can reach 752.9 mAhg™', which is among one of the highest
capacities in organic electrode materials.®>? The excellent
redox activity and high C; symmetry make TQ to be potential
organic building block of robust frameworks for electro-
chemical applications.
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Scheme 1. a) The predicted reversible reaction mechanism of TQ for
energy storage. b) The reversible reaction mechanism of CuO, unit for
energy storage. c) Chemical structure of Cu-HHTQ.
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The CuO, unit, originated from the dioxolene ligands and
the metal Cu, have recently been identified as promising
redox-active unit for Li* ion storage (Scheme 1b).''“!¥ Each
dioxolene ligand was found to undergo two reversible one-
electron oxidations to give redox series of catechol, semi-
quinone and quinone (Figure S6), while the metal Cu has one
reversible one-electron oxidation to generate species Cu™ and
Cul."' So the CuO, unit can undergo 5-electron redox-active
reaction. Considering the probable excellent redox activity of
TQ and CuO, unit, herein we devoted our efforts to
immobilize the TQ molecule and CuO, metal node into
a 2D conductive MOF named Cu-HHTQ (HHTQ=
2,3,7,8,12,13-hexahydroxytricycloquinazoline) for high-per-
formance Li* storage (Scheme 1c). As a novel redox-active
molecule, TQ was identified nine-electron redox activity with
Li" through experimental results and theoretical calculations
for the first time. With rigid and continuous framework, Cu-
HHTOQ electrode exhibits promising electrochemical perfor-
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mance exemplified by the extraordinary reversible capacity
(657.6 mAhg! at 600mAg'), high-rate capability
(292mAhg! at 3000mAg ') and impressive cyclability
(82% capacity retention after 200 cycling). As a novel
redox-active molecule, TQ exhibits great potential as organic
building blocks for the construction of electrochemical active
materials. With combining multiple redox-active moieties into
conductive MOFs, our findings highlight an efficient strategy
of discovering electrode materials for energy storage.

The 2D conductive MOF Cu-HHTQ was synthesized
solvothermally in a mixed solvent of N,N-dimethylformamide
(DMF) and water at 85°C for 24 h (Figure 1a).'”! As showed
in Figure 1b, HHTQ linkers organized with copper ions,
forming a crystalline Cu-HHTQ with a 2D honeycomb
structure. The powder X-ray diffraction (PXRD) results
reveal good crystallinity and long-range order of Cu-HHTQ.
The dominant peaks at 4.0°, 8.0°, 10.6° and 13.9°, according to
[100], [200], [210] and [220] reflections, indicate long-range
order within the ab plane. The position and intensity of the
diffraction peaks are well consistent with the reported 2D
honeycomb lattice of Cu-HHTQ with eclipsed (AA) staking
pattern.'>! A 2D hexagonal lattice with AA staking patterns
(cell parameter: a=b=25.41 A, c=3194, a =5=90, y=
120° in P62m space group) was simulated accordingly. The
distinct peak at 27.6° is according to [001] reflections and
indicates an interlayer distance of ~3.2 A. The PXRD
pattern can be well reproduced with the simulated lattice as
negligible difference was shown in Pawley refinement (Rwp =
2.67%, Rp=2.03%). (Figure 1c) The visible lattice fringe
conducted by high-resolution transmission electron micros-
copy (HRTEM) further confirmed the long-range ordered
crystalline structure of Cu-HHTQ (Figure 1d-g, Figure S7).
The amplifying HRTEM image (Figure 1e) indicates that the
hexagonal pore size of Cu-HHTQ is about 2.52 nm, which is
greatly appropriate with the anticipated structure. In accord-
ance with the calculated patterns, HRTEM of Cu-HHTQ
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Figure 1. a) Synthesis of Cu-HHTQ. b) The calculated structure of Cu-HHTQ. c) Pawley refined and experimental PXRD patterns of Cu-HHTQ.
d) HRTEM and fast Fourier transform (FFT) image (insert) of Cu-HHTQ along ¢ direction. e) Enlarged image of selected section in (d). f) HRTEM
of Cu-HHTQ perpendicular to [001] direction. g) Enlarged image of selected section in (f).
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perpendicular to [001] direction shows the distance between
the layers to be d,y,=2.3 nm. The porosity was confirmed by
the N, adsorption isotherm with Brunauer-Emmett-Teller
(BET) surface area of 516.99 m?g~" (Figure SS8).

The energy dispersive spectroscopy (EDS) spectra pro-
vided that C, N, O and Cu elements were uniformly
distributed on the Cu-HHTQ (Figure S9). The elemental
contents were further confirmed by the X-ray photoelectron
spectroscopy (XPS) spectrum (Figure S10). The satellite
peaks in high-resolution Cu 2p spectra represent that the
copper ion in the +2-oxidation state.” The two peaks with
binding energies of 933.2 and 935.6 eV are correspond to Cu
2psp, indicating the existence of two kinds of Cu™ in different
chemistry environment. The weaker peak might originate
from Cu" located at the edge of the 2D Cu-HHTQ layer or
the surface of the nanocrystals. The morphology of Cu-
HHTQ was observed by scanning electron microscopy
(SEM), which shows apparently layer structures of stacked
2D flakes (Figure S11). The electrical conductivity of Cu-
HHTQ was measured on pressed pellets through standard
four-probe method. The temperature-dependent conductivity
revealed a semi-conductive behavior of Cu-HHTQ (Fig-
ure S12). The electrical conductivity of Cu-HHTQ reaches 5 x
107 Scem ™! at 298 K and increases to be 2.6x 107> Scm ™ at
400 K. The optical band gap of 1.18 eV extracted from UV-
visible spectrum (Figure S13) also proves the semi-conductive
behavior of Cu-HHTQ. Besides, both thermal stability and
chemical stability of Cu-HHTQ were estimated. The ther-
mogravimetric analysis (TGA) curve of Cu-HHTQ shows
good thermal stability under 280°C (Figure S14). The PXRD
patterns of Cu-HHTQ well maintains with the pristine ones
after immersing into 1 M NaOH and 1 M LiPF; (Figure S15),
revealing its good chemical stability.

Attributed to the excellent structural features as men-
tioned above, Cu-HHTQ can be supposed to have significant
implications and applications in LIBs. The repeat unit
Cu, sHHTQ of Cu-HHTQ, containing one TQ and 1.5CuO,
units, was identified 16.5-electron redox activity with Li*. And
the calculated theoretical specific capacity of Cu-HHTQ with
16.5-electron redox activity can reach 874.6 mAhg™'. Cu-
HHTQ was then applied as active material for Li" storage
with Li metal as counter electrode in a half-cell configuration
and the charge/discharge tests were performed in a voltage
range of 0.01 to 3.0 V (vs. Li*/Li). The charge and discharge
profiles in the first three cycles of Cu-HHTQ at 15mA g™
were pictured in Figure 2a. In the first cycle, discharge and
charge capacities of Cu-HHTQ were 1716 and 989 mAhg™!,
respectively. The capacity of 989 mAhg™' is among one of the
highest values in reported conductive MOFs (Table S1). The
most probable causes of the extra capacity of Cu-HHTQ may
be the interfacial charge storage, the formation/decomposi-
tion of electrolyte-derived surface layer and surface reac-
tion.”!] The charged capacity of Cu-HHTQ for the second
cycle is 828 mAhg™!, which is consistent with the theoretical
capacity. Cycling performance of Cu-HHTQ was firstly
performed at 300 mA g~ for 50 cycles (Figure S16) and then
600 mA g~' for another 200 cycles (Figure 2b). The capacity
of Cu-HHTQ decreased in the first 15cycles and then
increased, which is possibly resulting from the sufficient
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Figure 2. a) Charge and discharge profiles of Cu-HHTQ at 15 mAg™
in the first three cycles. b) Cycling performance of Cu-HHTQ at

600 mAg~'. c) Charge and discharge curves of Cu-HHTQ at various
current densities. (d) Rate performance of Cu-HHTQ at various current
densities from 300 to 3000 mAg".

permeation of electrolyte for electrode after several cycles®

and the activated process of the highly crystalline MOF.['¢%]
During the cycling, Cu-HHTQ could deliver a capacity of
657.6 mAhg ' at 600 mA g~' and a capacity retention of 82 %
after 200 cycles. Only slight capacity decay of 0.09 % per cycle
was observed with a high Coulombic efficiency around 99.5 %
during the cycling. After 250 cycles, the capacity retention
reaches ~ 73 %. (Figure S17) Rate performance of Cu-HHTQ
(Figure 2¢ and Figure 2d) was conducted at various current
densities after 50 cycles at 300 mA g~ because of the acti-
vated process. At different high current densities of 1200,
1500, 3000 mA g~', the Cu-HHTQ exhibits high capacities of
443.7,403.7,292.1 mAhg, respectively, indicating good rate
performance of Cu-HHTQ. The conductivity and porosity of
Cu-HHTQ might benefit the fast transmission of ion and
electron,® resulting in good rate performance. The rate
performance of Cu-HHTQ was also conducted in the first
30 cycles at different current densities varied from 30 to
1500 mA g~ (Figure S18). The capacity of Cu-HHTQ slightly
declines at high current densities, showing good rate perfor-
mance similarly. The charge/discharge tests were also con-
ducted in a voltage range of 0.01 to 2.5V (vs. Li*/Li,
Figure S19). A reversible capacity of 404.8 mAhg™' at
300 mA g ! over 200 cycles is achieved, which is also among
the high values in organic electrode materials.

CV measurements were carried out with various scan
rates to understand the charge-storage mechanism of Cu-
HHTOQ (Figure S20 and S21). Partly capacitive charge storage
in Cu-HHTQ can be confirmed (detail in SI) and the
capacitive contributions were calculated to be 39% to 58 %
at the scan rates varied from 0.2 to 1.0 mVs™'. The high
conductivity, large specific surface area and continuous pores,
combined with the multiple redox-activity in Cu-HHTQ
endowed the anode a high capacitive contribution. It is noted
that designing anode materials with high capacitive contribu-
tion has been recognized as an effective strategy to build high-
rate anode for LIBs and beyond.” Immobilizing the func-
tional organic ligand into conductive MOF with appropriate
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Figure 3. a) Charge and discharge profiles of TQ at 30 mAg™" in the first three cycles. b) Experimental (black line) and calculated (red dotted
lines) voltage profiles (left axis) of TQ at the potential range between 0.01 and 3.0 V (vs. Li*/Li). The right axis shows the total energy of different
lithiation structures of TQ (in blue). Insert: ESP images of TQ and TQ-9Li. c) Ex situ XPS N 1s spectra of TQ at different charged and discharged
states. d) Structure evolution of TQ lithiation pathway in LIBs calculated by DFT.

specific surface area and pore size and sufficient redox-active
sites could be an effective strategy to facilitate both capacitive
contribution and diffusion contribution, resulting in the high-
performance electrode materials.

Cu-HHTQ electrode exhibits prominent capacity in
lithium storage. As hypothesized above, we attributed the
excellent redox performance of Cu-HHTQ to a synergy of TQ
and CuO, unit. To verify the redox activity of TQ, TQ was
synthesized! and applied as active material with Li metal as
counter electrode (Figure 3 and Figure S22-S26). Figure 3a
illustrates the charge and discharge profiles in the first three
cycles of TQ at 30 mA g'. In the first cycle, the discharge and
charge capacities of TQ were 810 and 88.3 mAhg', respec-
tively, resulting in an initial Coulombic efficiency of 10.9%.
The high discharge capacity of the first cycle reveals the
excellent redox-activity of TQ. The low value for the
reversible capacities might attribute to the solubility of TQ
into the electrolyte. The cyclic voltammogram (CV) test of
TQ was performed in the potential range of 0.01 to 3.0 V with
a scan rate of 0.1 mVs™. (Figure $22) The broad reductive
and oxidative peaks at 0.9 and 1.1V are related to the
combined redox behavior of TQ. The sloping discharge
plateaus (Figure 3a) presented at 1.0 V are consistent with the
CV results. The broad reductive/oxidative peaks at about
0.5 Vin the CV curve of Cu-HHTQ (Figure S20) result from
the combined redox behavior of organic ligands. Compared to
TQ, the lower potential of the reductive/oxidative peaks can
attribute to the substitution of TQ by strong electron-
donating O. The broad reductive/oxidative peaks at about
2.5 V might assign to the combined redox behavior of Cu. The
multiple redox-active sites including TQ, ortho-substituted O
and Cu endow Cu-HHTQ with complex redox-activity. And

© 2021 Wiley-VCH GmbH

the extended m conjugated structure of Cu-HHTQ might also
result in different redox behavior from the isolated aromatic
TQ.

To further understand the lithium storage mechanism of
TQ, we calculated the electrostatic potentials (ESP), the
thermodynamic energies, and voltage changes of TQ and TQ-
xLi structures. Based on the TQ structure, around the
electrostatic potential minima point was considered to predict
the possible lithium binding positions.””? The calculation
results revealed that nine electrons could be bound with TQ
during the discharge and charge process, in good agreement
with our earlier speculation. The structure evolution from TQ
to TQ-9Li was illustrated in Figure 3d and Figure S27. The
total energy with the structure evolution of TQ-xLi and
binding energy of the lithiation of TQ were shown in
Figure S28 and Table S2. As shown in the ESP diagrams, the
negative electrostatic potential is around the pyrimidine
nitrogen atoms. Firstly, one Li* ion binds with the pyrimidine
N atom to form TQ-Li. Then the second and third Li* ions
bind with another two pyrimidine N atom to form TQ-2Li and
TQ-3Li. The fourth, fifth and sixth Li* ions locate around the
central N atom and C=C bonds adjacent to the C=N bonds by
electrostatic interactions, and distribute at alternating sides of
the TQ plane together with the first three Li" ions. After six
Li atoms inserted, the electrostatic potential of the terminal
phenyl rings shows relatively negative. And the seventh,
eighth and nineth Li* ions bind with the terminal three phenyl
rings separately. Figure 3b shows the experimental and
calculated potentials in the discharge process at a potential
window of 0.01-3.0 V. As calculated, when the first Li* ion
was loaded into the structure of TQ, the voltage comes to
2.64 V and the voltage comes to 1.35 V when loaded with nine
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Li" ions, corresponding to the voltages of the reduction peak
in the CV diagram (Figure S22). The trend of voltage
decrease of calculated results was in good agreement with
the experimental phenomenon.

To study the electrochemical redox process, the structure
changes of TQ were further tested by an ex situ XPS
characterization. The high-resolution spectrum of N 1s (Fig-
ure 3¢) indicates two kinds of N, namely C=N peak at
398.9eV and C-N peak at 401.3eV in the pristine state.
During the discharge process, C=N peak completely vanished
and transformed to C-N peak. Upon fully charged, the C=N
peak and C-N peak recovered back to the pristine state,
showing good reversibility. The experimental results proved
that the functional group pyrimidine undergo the redox
process at the N-doped phenalene. The experimental results
observed by the ex situ XPS are in high accordance with the
calculated results of TQ structure evolution.

The chemical states of Cu-HHTQ were also investigated
by ex situ XPS during the charge and discharge process. As
shown in the high-resolution XPS N 1s spectra of Cu-HHTQ
(Figure S29), the strength of C=N peak decreased and the
strength of C-N increased after discharging process. After the
charging process, the strength of C=N recovered back and the
strength of C-N decreased, indicating that redox-active
reaction occurred in the pyrimidine N atoms with good
reversibility. As shown in the high-resolution of Cu 2P;,
spectra (Figure S30-S32), the two peaks of Cu" assigned to
933.6 and 936.1 eV in pristine state disappeared after fully
discharged to 0.01 V and Cu' peak assigned to 933.5 eV arise,
indicating the fully reduction of Cu" to Cu'. After charged to
3.0V, the strength of Cu" peaks recovered and the Cu' peak
disappeared. The obvious transformation of Cu" to Cu'
indicates that the redox reactions are partly attributed to
Cu atom in the discharge and charge process. The exper-
imental results prove that both TQ and CuO, units in Cu-
HHTOQ undergo the redox process.

In summary, a nitrogen-rich aromatic molecule TQ and
a TQ-based conductive MOF Cu-HHTQ integrated with
redox CuO, units were synthesized and well-explored as
electrode materials for lithium storage. The redox activity of
TQ was confirmed by both experimental results and theoret-
ical calculations. To the best of our knowledge, this is the first
time that TQ was identified redox activity and researched as
electrode material for lithium storage. The TQ-based 2D
conductive MOF Cu-HHTQ exhibits excellent specific
capacity with 657.6 mAhg™" at 600 mAg~' and a capacity
retention of 82% after 200 cycles. It is among one of the
highest specific capacities in reported conductive MOFs.
Further researches on design and synthesis of organic
electrode materials based on the novel redox-active TQ for
energy storage are worth pursuing. We expect our findings
shed light on assembling multiple redox-active organic
moieties into high-performance electrodes enabled by a retic-
ular-chemistry strategy.
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