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A tricycloquinazoline based 2D conjugated metal-—
organic framework for robust sodium-ion batteries
with co-storage of both cations and anions+

Dan Chen,}? Lingi Cheng,® Weiben Chen,1?® Heng-Guo Wang,
and Long Chen (2 *2

* Fengchao Cui®

There is growing interest in 2D conjugated metal—organic frameworks (2D c-MOFs) for batteries due to
their reversible redox chemistry. Nevertheless, currently reported 2D c-MOFs based on n-type ligands
are mostly focused on the storage of cations for batteries. Herein, we successfully synthesize nitrogen-
p-type ligand-based Niz(HATQ), from 2,3,7,8,12,13-
hexaaminotricycloquinazoline (HATQ), and the ion co-storage feature of cations and anions in sodium
ion batteries (SIBs) is demonstrated for 2D c-MOFs for the first time. The redox chemistry from the p-
type ligand and t—d hybridization center endows the Niz(HATQ), cathode with high capacity and good
rate performance, especially excellent capacity retention of 95% after 1000 cycles. These findings

rich and electron-deficient assembled

provide a promising avenue for the exploration of other p-type multidentate chelating ligands toward
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Introduction

The development of clean and sustainable energy sources is
driving the progress of emerging energy storage devices and
technologies, which would have the advantage of overcoming the
ever-increasing cost of lithium-ion batteries (LIBs)."* Among these
technologies, sodium ion batteries (SIBs) are expected to become
promising alternatives to lithium ion batteries (LIBs) due to their
cost-effectiveness, comparable electrochemical performance and
abundant sodium resources.>®* However, the common electrode
materials that are suitable for LIBs may exhibit sluggish reaction
kinetics and rapid capacity decay in SIBs due to the larger radius of
Na' compared to Li".”® In this context, organic electrode materials
seem to be a promising candidate due to their flexible structure
designability as well as their cost effectiveness and resource
abundance. Unfortunately, their low electrical conductivity and
high dissolution in electrolytes seriously reduce the utilization of
redox active sites and cycle stability.>* Therefore, the exploration
of structurally adaptive and promising conductive electrode
materials with multi-redox active sites for SIBs is highly desired.
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new 2D c-MOFs and expand the application of 2D c-MOFs in energy storage systems.

As a distinct category of conductive coordination polymers
(CCPs), two-dimensional conjugated metal-organic frameworks
(2D ¢-MOFs) are constructed by coordination of transition-
metal ions with planar conjugated ligands containing ortho-
substituted functional groups (-OH, -NH,, and SH, Fig. 1a and
b)."*** The unique square-planar linkages (MX,, M = metal)
facilitate the delocalization of charge carriers in 2D conjugated
networks, which immensely enhances electronic transport.'”°
While a plethora of MO, linkage-based 2D ¢-MOFs have been
explored, varying functional groups from -OH to -NH, and -SH
in the same ligands usually result in tunable electrical
conductivity and coordination ability due to the discrepancy in
the atom radius and ©-d hybridization between the ligands and
transition-metal ions.”** Specifically, several recent studies
have demonstrated that MX, units based on benzene or tri-
phenylene ligands can serve as crucial redox active centers.>*>*
Furthermore, redox-active ligands based on tetraminobenzo-
quinone and hexaazatrinaphthylene in 2D ¢-MOFs have been
reported, which integrate dual-redox centers.>***-*' However,
these reported MX, linked organic ligands are mainly based on
n-type organic compounds that serve as electron acceptors with
intercalation of cations, limiting high throughput screening of
electrode materials. By comparison, tricycloquinazoline
(TQ),»3* as a nitrogen-rich and electron-deficient
heteroaromatic-conjugated ligand core, can not only increase
the acidity of the coordination functional groups, resulting in
higher crystalline 2D ¢-MOFs, but also act as a p-type organic
compound that serves as the electron donor with intercalation
of anions,*® expanding the active charge carriers of 2D ¢-MOFs.
Therefore, the integration of p-type TQ ligands can construct
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Fig. 1 The coordination of transition-metal ions with different planar
conjugated ligands and design strategy of Niz(HATQ),. (a) The repre-
sentative coordination process of square-planar transition-metal ions
with ortho-substituted organic conjugated ligands. (b) The typical n-
type organic structures in 2D c-MOFs. (c) The synthetic route of
Niz(HATQ),.

artificial bipolar 2D ¢-MOFs that can achieve the co-storage of
cations and anions. However, as far as we know, 2D ¢-MOFs
based on p-type ligands as cathode materials for advanced SIBs
with novel cation/anion co-storage modes have not been
reported.

In this work, we reported the synthesis of hexaamino-
tricycloquinazoline (HATQ)-based 2D ¢-MOF Niz(HATQ), (Fig. 1c)
that acted as a bipolar active material for advanced SIBs for the
first time. Interestingly, the bipolar framework material consists of
n-type MN, active centers, aiming to store cations, and p-type TQ
blocks, aiming to store anions. As expected, Niz(HATQ), was then
investigated as a cathode of SIBs, exhibiting a high reversible
capacity of 1151 mA h g ', good rate performance with
771 mAhg 'at2 Ag !, and long-term cycling stability with 95%
capacity retention after 1000 cycles, which is superior to its Nis(-
HITP), (HITP = hexaiminotriphenylene) counterpart. In addition,
all-organic SIBs were assembled by pairing the Niz(HATQ),
cathode with a sodium terephthalate anode, which shows the
feasibility of practical application. Remarkably, the co-storage
features of cations and anions were revealed by both experi-
mental and theoretical investigations. These investigations may
pave the way for the design and construction of novel 2D ¢-MOFs
with the co-storage mode.

Results and discussion

HATQ was ingeniously designed and newly prepared in high
yields (Schemes S1-S5t). More specifically, the pivotal hex-
abromotricycloquinazoline (HBTQ) precursor was first prepared
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through bromination and trimerization reactions. Subse-
quently, the diphenylmethanimine-substituted tricycloquina-
zoline was obtained by the Buchwald-Hartwig coupling
reaction using HBTQ and diphenylmethanimine, followed by
hydrolysis to yield brown precipitates (Fig. S1-S41).*” The
chemical compositions of the target product were verified to be
hexaaminotricycloquinazoline hexahydrochloride
(HATQ-6HCI) by using "H and *C NMR, high-resolution mass
spectra, elemental analysis, thermogravimetric analysis (TGA),
and X-ray photoelectron spectroscopies (XPS) (Fig. S5-S87).
Ni3(HATQ), was constructed by coordination of HATQ-6HCI
with Ni** in square-planar geometry upon solvothermal
synthesis using N,N-dimethylformamide (DMF) and water as
the mixed solvent under basic conditions at 85 °C for three days
(Fig. S9 and Scheme S6t). The resulting precipitate was thor-
oughly washed with N,N-dimethylacetamide, water, methanol
and acetone, suggesting its solvent stability. Detailed charac-
terization studies were performed to evaluate the fine structure
of Niz(HATQ),. Fourier transform infrared (FT-IR) spectra
showed that the featured peaks of amino (ca. 3190-3350 cm ™)
apparently disappeared (Fig. S101). The peaks at ca. 505 and ca.
3630 cm ™" were assigned to Ni-N and -NH bands, respectively,
indicating the formation of coordination bonds between Ni**
and NH of the HATQ ligand.***’ Besides, the other characteristic
peaks in the TQ core also existed in Niz(HATQ),, further sug-
gesting successful formation of Niz(HATQ),. Meanwhile, the
elemental compositions of Niz(HATQ), were disclosed by XPS.
As shown in Fig. S11,T these featured peaks in the full spectrum
were assigned to be C, N, O and Ni elements. Among them, the
existence of the O 1s peak in the spectrum may be attributed to
trapped H,O in the porous skeletons.****** Compared to high-
resolution C 1s and N 1s spectra of HATQ-6HCI in Fig. S8,
the Ni ion coordinated with N results in the evident change of
binding energies in C (C-N) and N (N-C) of Niz(HATQ),. The
absence of Cl~ signal peaks and extraneous Na' counterions
suggests that Ni;(HATQ), is neutral.>® Two characteristic peaks
at 855.6 and 873.4 eV in the high-resolution spectra of the Ni
element are assigned to Ni 2p;, and Ni 2p,, with evident
satellite peaks at 860 and 880 eV, suggesting that the Ni element
could be in the divalent state. Furthermore, the local structure
of Niz(HATQ), was investigated by X-ray absorption fine-
structure (XAFS) using Ni foil and NiO as the reference.**** As
shown in Fig. 2a, the collected Ni K-edge X-ray absorption near
edge structure (XANES) profile of Ni;(HATQ), resembled that of
NiO and mismatched with Ni foil, suggesting the domination of
the +2-oxidation state of Ni. Furthermore, the coordination
environments of Ni in Niz(HATQ),, NiO and Ni foil were eval-
uated using wavelet transformed extended X-ray absorption fine
structure (EXAFS) (Fig. S12c and S137). The maximum peaks at
ca. 3.3 A7 of the k-space value and ca. 1.7 A of the R-space value
were close to that of Ni-O contribution in the NiO spectrum
(Fig. S12bt), which was attributed to the Ni-N bonds, without
apparent peaks of the Ni-Ni bond at ca. 2.2 A of the R-space
value, indicating the absence of residual metallic Ni clusters in
Ni3(HATQ),. Additionally, the coordinated bond parameters of
Ni3(HATQ), were further investigated based on fitting of
experimental Ni K-edge EXAFS oscillation *x(k) as shown in
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Fig. 2 Characterization of the valence state, crystallinity, simulated
structure and porosity of Niz(HATQ),. (a) XANES of NiO, Ni foil and
Niz(HATQ),. (b) Experimental and Pawley refined XRD profiles of
Niz(HATQ),. (c) The structural model. (d) Nitrogen-sorption isotherms

Fig. S12a and b.T The first coordination peak of Niz(HATQ),
with ca. 2.12 A of the interatomic distances was ascribed to the
Ni-N bond with an average coordination number of ca. 4.5
(Table S1t). Thus, the XAFS spectra strongly support the
formation of square-planar NiN, coordination units in Nis(-
HATQ),. The crystalline structure of Niz(HATQ), has been
determined through a combination of powder X-ray diffraction
(PXRD) measurements and theoretical simulation. The experi-
mental PXRD profile of Niz(HATQ), displays four distinct peaks
at 4.00°, 8.05°, 10.60° and 27.55° which are assigned to be (100),
(200), (210) and (001) facets, respectively (Fig. 2b). Meanwhile,
the simulated XRD profile and the Pawley refined data of
eclipsed AA stacking mode can match well with the experi-
mental data, with a small difference (R, = 3.08% and R, =
2.48%, Fig. 2c). The unit cell parameters for Niz(HATQ), are
determined tobe a = b =25.91 4, c=3.42 A, « = 8 =90°, and v
= 120°. In contrast, the XRD profiles of staggered AB stacking
mode cannot reproduce the experimental one (Fig. S147%).
Furthermore, the permanent porosities of Niz(HATQ), were
evaluated using the nitrogen adsorption-desorption isotherm
at 77 K (Fig. 2d). The Brunauer-Emmett-Teller surface area of
Ni;(HATQ), was determined to be 513 m® g~ and the pore size
was calculated to be 2.24 nm, which matches perfectly with the
theoretical value (2.24 nm).>® As shown in Fig. S15,T the field
emission scanning electron microscopy (FE-SEM) images
exhibited nanorod-like morphology of Niz(HATQ),. Further-
more, the high-resolution transmission electron microscopy
images exhibited distinct lattice fringes, with 2.08 nm of the
corresponding channels being close to the theoretical and
experimental pore size values (Fig. S16). As shown in Fig. S17,+
the solid-state ultraviolet diffuse reflection spectra of Nij(-
HATQ), displayed broader absorption compared to the
precursor, and the optical bandgap was calculated to be 1.52 eV
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using Tauc plots, which indicated that an extended m-conju-
gated skeleton is favorable for modulating the optical proper-
ties. Notably, the electrical conductivity is a unique identity of
2D ¢-MOFs. The conductivity value of bulk Ni;(HATQ), was 2.12
mS m ' at room temperature, which is beneficial for electro-
chemical devices (Fig. S18t). Furthermore, thermogravimetric
analysis revealed that the framework decomposes at ca. 400 °C
(Fig. S19t), indicating good thermal stability.

For comparison, Niz(HITP), was also synthesized and char-
acterized (Scheme S7, Fig. S20 and S217). As shown in Fig. S20,T
Niz(HITP), exhibited a feature of crystallinity. Additionally,
elemental compositions of Ni;(HITP), were disclosed by XPS as
shown in Fig. S21.7 First, in the full spectrum, these featured
peaks were assigned to be C, N, O and Ni elements. Similar to
Niz(HATQ),, the existence of the O 1s peak may be attributed to
trapped H,0.?*%** Two characteristic peaks at 855.5 and
872.7 eV in the high-resolution spectra of the Ni element are
assigned to Ni 2p;/, and Ni 2p,,, suggesting that the Ni element
could be in the divalent state.

Benefiting from its unique crystalline feature, Niz(HATQ), is
supposed to exhibit potential application in SIBs. First, coin-
type half batteries were assembled using pure metallic
sodium (counter electrode) and Niz(HATQ), (cathode material)
to evaluate the electrochemical performance. Cyclic voltam-
metry (CV) curves were measured at a scan rate of 0.1 mV s~
with a voltage ranging from 1.0 to 3.6 V. As shown in Fig. 3a, the
first CV curve showed a reductive peak at 1.57 V, which may be
attributed to the reduction of the C=N bond in the coordina-
tion center, and two oxidation peaks at 1.63 and 2.45 V, which
may be ascribed to the oxidation of C-N-Na. Distinct redox
peaks at 2.73 and 3.21 V were manifested as anion desertion
and insertion.?® These results suggest multiple electron partic-
ipation in charge and discharge processes.

Meanwhile, the redox peaks became more stable with
increasing scan cycles, indicating the excellent reversibility of
the Ni;(HATQ),-based cathode. Significantly, reasonable selec-
tion of test procedures has a non-negligible effect on the elec-
trochemical performance. As shown in Fig. S22, the
Ni3(HATQ),-based cathode when charged to 3.6 V first shows
higher initial capacity and better cycle performance than that
discharged to 1.0 V, which might be attributed to the efficient
intercalation of anions. In addition, a reasonable voltage range
is crucial for stimulating capacity and maintaining stability. As
shown in Fig. S23,1 by comparing the different voltage ranges
(1.0-3.5V, 1.0-3.6 V and 1.0-3.8 V), it is clear that changing the
upper limit of the voltage range can improve the capacity, but it
may lead to the decomposition of the electrolyte, resulting in
poor cycle stability. Furthermore, lowering the lower voltage
limit can also increase the capacity, but the low voltage is not
suitable for the cathode (Fig. S247). In addition, decreasing
mass loading also benefits the enhanced capacity (Fig. S257).

Additionally, at 0.2 A g~ ', Ni;(HATQ), exhibits a reversible
specific capacity of 1151 mA h g ' after 150 cycles
(Fig. S26at).Furthermore, compared with HATQ-6HCI, the
Ni3(HATQ),-based cathode exhibited superior redox ability and
electrochemical performance (Fig. S261). More importantly, the
Ni3(HATQ),-based cathode demonstrated distinctly superior

© 2024 The Author(s). Published by the Royal Society of Chemistry
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performance to Niy(HITP), (ref. 45) at 1.0 A g~ (Fig. S277).
Furthermore, the capacity of Niz(HATQ), is superior to many
other MOF-based cathodes and other inorganic cathodes (Table
S2t) indicating the importance of electrode material selection
and design. Fig. 3b shows that the excellent capacity retention
(around 97%) and coulombic efficiency (CE) (nearly 100%) were
retained at a higher current density of 1.0 A g~ ' after 1000
cycles, revealing good long-term cycle stability. Moreover, the
rate performance on the Niz(HATQ), cathode was measured
(Fig. 3c and d), with current densities ranging from 0.1 to
2.0 A g '. The discharge specific capacities were about 108.1,
105.7, 98.0, 88.6 and 77.1 mA h g~ ', respectively. Upon return-
ing to a current density of 0.1 A g™, the capacity was recovered
to 107.8 mA h g~ with a restoration ratio of 99%. Furthermore,
the reaction kinetics were analyzed through CV curves at
different scan rates from 0.2 to 1.2 mV s~ '. As shown in Fig. 3e,
the profiles of different CV curves are highly similar, while the
corresponding peak area gradually increases when the scan rate
aggrandizes.*® According to the equation i = av”, b values were
determined by fitting the plot of log(i) and log(v) (see the ESIT).
As shown in Fig. 3f, the calculated b values of O1, 02, O3, R1 and
R2 were inclined to 1, revealing that the battery process is
mainly controlled by capacitive behavior.

Furthermore, the ratio of diffusion to capacitive control is
quantitatively analyzed using the Dunn equation. Fig. 3g and

© 2024 The Author(s). Published by the Royal Society of Chemistry

S281 show that the capacitive contribution is obviously
increased with enhanced scan rates, and the ratio of capacitive
control is up to 92.41% at a scan rate of 1.2 mV s, indicating
that the capacitive effect is the dominant contribution to battery
capacity. Additionally, the Na" diffusion coefficient was deter-
mined by the galvanostatic intermittent titration technique
(GITT), and the results showed that Ni3(HATQ), exhibits a high
Na" diffusion coefficient (D) with log D values ranging from —9.0
to —11.0 cm® s~ (Fig. 3h). These results indicate that Ni,(-
HATQ), features a fast kinetic process, which is beneficial for its
electrochemical performance. Besides, Fig. S291 depicts the
schematic diagram and electrochemical performance of the
coin-type full cell when the anode is sodium terephthalate
(Na,TP), in which the Ni-TABQ||Na,TP cell also shows desirable
cycling performance with a reversible specific capacity of
56.3 mA h g ' after 160 cycles at 0.2 A g ', indicating the
feasibility of practical application.

To further understand the ion storage mechanism of Nij(-
HATQ),, ex situ FT-IR, XPS and EPR spectra were obtained to
investigate the structural variation at selected voltage stages
during charge/discharge processes (Fig. 4a). As shown in the ex
situ FT-IR spectra in Fig. 4b, the corresponding peaks of the C-N
bond gradually increased and the C=N bond stepwise weak-
ened during discharge processes, indicating the generation of
a C-N-Na group. Upon charging, the intensity of C-N bond
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gradually diminished and C=N bond gradually enhanced.
Specifically, evident peaks of PF~ (ca. 868 cm™') were detected
in the ex situ FT-IR spectra at the charging state, revealing
certain interaction between the anion and Ni3(HATQ), during
the redox process.*® To further confirm the transformation of
the functional groups, XPS spectra were measured. The XPS
spectra of N(1s) showed that C=N, C-N, and N-PF4 exhibit
similar variation tendencies with FT-IR spectra (Fig. 4c).
Besides, the XPS P(2p) spectra exhibited an overwhelming
signal upon charging to 3.6 V, which was distinguished from
that of the discharge state (Fig. 4d). Compared with the pristine
state, Ni(2p) spectra demonstrated negligible transformation
during cycling (Fig. 4e), indicating that Ni(u) is immutable as
a cathode material. These experimental data reveal co-storage of
Na'and PF,~ in Niz(HATQ), during discharge/charge processes,
which is beneficial for capacity promotion. The EPR signal
increased during charging processes, which may be caused by
the augmented the C=N bond (in the coordination center). In
contrast, the signal peak decreased upon discharging to 1.0 V,
indicating the generation of C-N-Na and formation of a radical
intermediate during Na ion extraction/insertion processes
(Fig. 4f). Moreover, these results indicate that the Na ion
binding site is probably the coordinated nitrogen atoms instead
of the Ni metal centers without valence state change. Mean-
while, Fig. S301 shows that the crystallinity of Niz;(HATQ), was
well maintained at both charge and discharge states and the
SEM image of charging to 2.8 V exhibited the intrinsic nanorod
morphology, suggesting the structural stability of Niz(HATQ),
during the redox process.
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To further investigate the co-storage mechanism of cations
and anions, DFT calculations are conducted. The electronic
band structure and density of states (DOS) reveal that Nis(-
HATQ), possesses metallic electronic band structures, as evi-
denced by the non-zero density of states at Fermi energy
(Fig. 5a).*”*® This metallic property facilitates the transmission
of electrons to the active sites. Additionally, molecular electro-
static potential (MESP) is determined to predict the possible
active site for binding Na" and PFs . The minimum value on the
van der Waals surface (blue region) is centered at nitrogen
elements, indicating that the C=N bond (coordination center)
might attract Na ions more easily (Fig. 5b). In addition, Ni(-
HATQ), exhibits heterogeneous charge distribution, with the N
atoms of NiN, units being more negative than that of the TQ
cores, which is beneficial for the preferential binding of Na ions.
In contrast, the nitrogen elements of TQ ligand tend to act as
the desirable active sites for binding PFs~ (Fig. 5¢). The subse-
quent differential charge explains that the charge density
between Niz(HATQ), and Na ions is increased, indicating
a strong electronic interaction in the NiN, unit (Fig. 5d and
S31t).** Meanwhile, the calculated binding energy verifies that
Na'and PF~ are inclined to interact with the NiN, core and TQ
motif, respectively. As well, the calculated reaction potentials of
Na'/PF, " intercalation are 1.00 V and 2.75 V, respectively, which
correspond to the experimental potentials (Fig. 5e). Finally, the
structural evolution progress is calculated to further confirm
the redox site and the binding number of Na ions (Fig. 5f). The
data indicate that six Na ions and two PFs~ can be respectively
extracted/inserted at the coordination bond and nitrogen
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elements of the TQ ligand during the charge/discharge process
based on the repetitive optimized cell. Overall, the calculated
data are consistent with the experimental data and provide
further insights into the cation and anion storage mechanism
of Niz(HATQ),.

Conclusions

In summary, we successfully developed the facile synthesis of
hexaaminotricycloquinazoline (HATQ) ligand as well as corre-
sponding 2D ¢-MOF: Ni3(HATQ),. Benefited by co-existence of p-
type ligands (TQ) and an n-type coordination core (NiN,),
bipolar Niz(HATQ), exhibits high discharge/charge capacities,
excellent rate performance, and fast ion diffusion properties,
when employed as a cathode material in SIBs. Moreover, 99% of
the initial capacity retains after 150 cycles at a current density of
0.2 A g " and 95% of the restoration ratio at a higher current
density of 1 A g " after 1000 cycles, revealing good long-term
cycle stability. The experimental and theoretical results reveal
that Na* binding sites are located on the N of NiN, linkages and

© 2024 The Author(s). Published by the Royal Society of Chemistry

the p-type TQ ligand could simultaneously accommodate PFg .
Overall, the current work highlights that reasonably developing
novel p-type ligands to form functional 2D ¢-MOFs will provide
a new pathway to simultaneously store cations and anions to
further optimize battery performance.
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