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Two-dimensional conjugated metal organic frameworks (2D c-MOFs) hold
significant promise as electrode materials for alkali metal ion batteries while
their electrochemical properties still lack reasonable and effective regulation.
Here, two representative 2D c-MOFs (M-HHTQ/M-HHTP, M=Cu or Ni) as
positive electrodes are used as models to explore the basic/microscopic
principles of their complex storage mechanism in sodium ion batteries (SIBs).
It is demonstrated that the energy storage mechanism of 2D c-MOFs is
determined by the interaction between coordination covalent bonds and
organic linkers. Theoretical calculations and experiment results have jointly
demonstrated that the redox potential and theoretical capacity can be regu-
lated based on the valence of M-O bond and the utilization of anions and
cations, respectively. As a result, Cu-HHTQ achieves a high discharge voltage at
2.55V (vs.Na*/Na), a higher stable specific capacity of 208 mAh gat 0.05A g™,

and long cyclability with the capacity retention rate of 100% at 1A g™ after

2000 cycles.

Two-dimensional d-t conjugated metal-organic frameworks (2D c-
MOFs) have garnered considerable attention in many fields', espe-
cially alkali metal ion batteries®™, due to their unique crystalline
structure, robust frameworks, and high chemical and thermal
stabilities”°. Generally, the formation of 2D ¢-MOFs undergoes the
deprotonation, in situ oxidation, and coordination process, where
ortho-substituted groups (X) of ligands are first deprotonated to form
dianion and the conjugated ligands are in situ partially oxidized to
form monoanionic T radical, then multi-valence transition metal ions
(M) are chelated by the formed strong conjugated bases to form MX,
building unit?. In this case, the unique structures and chemical states
make 2D c-MOFs a meaningful model system to understand the elec-
tronic structure and multielectron-transfer mechanism. Importantly,
there is a crucial relationship between their electronic structure and
the electrochemical active density of states (EA-DOS)?. In the case of
coordination frameworks, the redox of the m-d conjugated states
contributed by m-electronic states (ligands) conjugating with the

d-electrons (M) determines multielectron transfer (Fig. 1a), thus
desirable electrochemical properties of 2D c-MOFs can be achieved by
designing the electronic structure.

Similar to the transition metal ligand-based materials, the band
structure consists of antibonding MX* state (d-band), purely non-
bonding ligand state (p-band), and bonding MX state”. In electro-
chemical reactions, electrons transfer from the p-band of the ligand to
the d-band of the metal, forming ligand holes, and then the metal is
reduced. Therefore, it is of great significance to carefully select the
transition metal ions and conjugated ligands that may affect the
electronic/band structure for further achieving the desired electro-
chemical performance??. As for metal ions, the stronger the elec-
tronegativity, the stronger the oxidation ability, making them easier to
get electrons and interact with cations, which is determined by the
d-electrons of the transition metal itself®°, In fact, the electro-
negativity of the conjugated ligands is also very important because it
could determine the ionic and covalent character of 2D c-MOFs due to
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Fig. 1| Theoretical guidance for regulating the electrochemistry of 2D c-MOFs.
a Mechanism using the linker states and m-d conjugated states. b Overview of the
inductive effect about the adjustment between ion and covalent characters.

¢ Schematic diagram of constructing cations/anions co-storage host material.
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d Chemical structures and coordination structure around metal centers of Ni-
HHTQ, Cu-HHTQ, and Cu-HHTP (Gray ball, carbon; blue ball, nitrogen; red ball,
oxygen; green ball, nickel; yellow ball, copper).

the inductive effects. Covalent bonds are formed when the electro-
negativity of M and X are approximately equivalent, whereas ionic
bonds are formed when their electronegativity is very different™. Thus,
the inductive effect could lead to the modified local electronic prop-
erties, which drives the electrons to localize away from M, but closer to
X (Fig. 1b). As a result, the increase in ionic bonds results in the reduced
separation between the antibonding and bonding orbitals, thus
increasing cell potential®. Therefore, the redox potentials could be
tuned through regulating the electronegativity of ligands for 2D
¢-MOFs™. In addition, targeted regulation can be carried out on the
chemical structure of ligands to utilize anions as carriers to increase
the specific capacity™. In this context, the introduction of heteroatoms
with a lone pair of electrons into the ligand can easily lose electron and
interact with anions, resulting in a higher specific capacity compared
to 2D ¢-MOFs with single active sites. Therefore, the artificial bipolar
2D c¢-MOFs by the integration of redox-active ligand and MX, unit
could achieve successive storage of cations and anions (Fig. 1c).
Obviously, understanding the multielectron-transfer mechanism of 2D
¢-MOFs is of great significance and yet to be elucidated, especially
from electronic band structure engineering, thus further research is
highly required.

In this work, we apply 2D ¢-MOFs as the model to explore the
multielectron-transfer mechanism from electronic band structure
engineering. As a proof-of-concept demonstration of this idea, a series
of 2D ¢-MOFs (Cu-HHTQ, Ni-HHTQ, and Cu-HHTP) (Fig. 1d) are syn-
thesized and their electrochemical storage behaviors in sodium-ion
batteries (SIBs) are investigated by systematic measurements and DFT
calculations. Benefitting from the unique 2D framework, the syner-
gistic effect of strong conjugated degree and excellent electronic
structure by analyzing EA-DOS, Cu-HHTQ exhibits decent electro-
chemical performance, which is superior to the isostructural Ni-HHTQ
and the archetypical Cu-HHTP. Furthermore, all organic SIBs (AOSIBs)

paired with Na,CgH,0O¢ (NaTP) have been assembled to demonstrate
the feasibility of its practical application. This work provides a new
electronic engineering strategy for the microscopic understanding of
the underlying multielectron-transfer mechanism and the rational
design of 2D c-MOF-based electrode materials for energy-storage
devices.

Results

Synthesis and characterization of M-HHTQ

M-HHTQ (M = Cu and Ni) was synthesized by the reported sol-
vothermal reaction (Fig. 2a)***. The introduction of air atmosphere
ensures the in situ oxidation of the ligand during the reaction and
avoids the reduction of Cu*. To demonstrate the successful synth-
esis of 2D c-MOFs, a series of spectral characterizations were per-
formed. Fourier transform infrared spectroscopy (FTIR) spectra
show that the attenuate vibration peaks of O-H at around 3000 cm™
confirm the deprotonation and the formation of coordination bonds
between catechol ligands with metal ions, and the noticeable vibra-
tion peaks of C=0 at 1632 cm™ are caused by the in situ partial oxi-
dation of the ligands (Supplementary Fig. 1). Powder X-ray diffraction
(PXRD) patterns were performed to characterize the crystalline
structures of M-HHTQ. The similar diffraction peaks of M-HHTQ
indicate their similar arrangement motifs (Fig. 2b and Supplementary
Fig. 2), in which crystalline 2D honeycomb structure shows the
interlayer spacing of 3.36 A. Their PXRD patterns fit better with the
simulated ones of the eclipsed (AA) staking frameworks, which are in
accordance with the reported AA-stacking pattern of Cu-HHTQ. The
corresponding lattice parameters of Cu-HHTQ are a=b=25.80 A,
c=336A, and a=p=90°, y=120°. The morphologies of M-HHTQ
were characterized by scanning/transmission electron microscopy
(SEM/TEM). Cu-HHTQ presents very small hexagonal rod-like nano-
crystals, while Ni-HHTQ shows large massive morphology formed by
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Fig. 2 | Synthesis and characterization of Cu-HHTQ. a Synthetic procedure and
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micrograph).d HAADF-STEM image of Cu-HHTQ. e XANES spectra of Cu K-edge for
the standard Cu foil, Cu,0, CuO, and Cu-HHTQ sample. Wavelet transforms of Cu-
HHTQ (), the standard CuO (g) and Cu foil (h) samples.

the aggregation of small base blocks, but no obvious hexagonal
prism morphology was observed (Supplementary Fig. 3). HRTEM
images display the visible lattice fringe of about 2.5+ 0.2 nm for the
(100) crystal plane (20=4.8°) (Supplementary Fig. 4a) and the
amplifying HRTEM image clearly shows the ordered honeycomb
structure of Cu-HHTQ (Fig. 2c). Furthermore, HRTEM image of Cu-
HHTQ also reveals the lattice distance of about 0.33 + 0.02 nm for the
interplanar distance of (001) plane resulted from the m-mt stacking
(Supplementary Fig. 4b). Elemental mappings reveal homogeneous
distribution of C, N, O and Cu in Cu-HHTQ (Supplementary Fig. 4c).
High-angle annular dark-filed scanning TEM (HAADF-STEM) image
shows numerous bright dots, indicating the highly dispersed Cu
species (Fig. 2d). To further elucidate the valence states of the
coordination metal ions and their atomic neighborhood structures,
the x-ray absorption fine structure (XAFS) spectra at the Cu K-edge
was conducted. Cu-HHTQ exhibits almost the same white-line peak
as CuO, indicating that Cu ions exhibit a+2 oxidation state
(Fig. 2e-h). In addition, Fourier transform (FT) spectra of extended
X-ray absorption fine structure (EXAFS) oscillation k*x(k) for Cu-
HHTQ and their corresponding fitting parameters are also given

(Supplementary Fig. 5). The first coordination peak of Cu-HHTQ
corresponds to the Cu-O bond at a distance of 1.98 A, and the second
coordination peak is the Cu-C interaction at a distance of 3.00 A
(Supplementary Table S1). Thus, the XAFS spectra provide ample
evidence for the formation of CuO, groups. The pore structure of Cu-
HHTQ and Ni-HHTQ were determined by the N, adsorption isotherm
at 77K, and the apparent Brunauer-Emmett-Teller (BET) surface area
were 508 and 146.2 m’g™, respectively (Supplementary Fig. 6). The
thermal stability of M-HHTQ was evaluated by thermogravimetric
analysis (TGA) (Supplementary Fig. 7), in which Cu-HHTQ and Ni-
HHTQ can retain 90% of their initial mass below 300 °C, indicating
the good thermal stability. In addition, from TGA curves, the pro-
portions of Cu-HHTQ and Ni-HHTQ residues are 21.7% and 17.7%,
respectively, consisting with the calculated theoretical content,
which proves the successful coordination between M** and organic
ligands. X-ray photoelectron spectroscopy (XPS) spectra disclose the
coordination in Cu-HHTQ and Ni-HHTQ (Supplementary Fig. 8). The
results show that Cu or Ni exists in the form of divalent in the
M-HHTQ. In addition, Cu-HHTP for comparison has also been syn-
thesized and characterized (Supplementary Figs. 9-14).
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Fig. 3 | Electrochemical performance of M-HHTQ. a CV curves of Cu-HHTQ at
0.1mVs™. b Galvanostatic charge/discharge curves of Cu-HHTQ and c the corre-
sponding voltage profiles of Cu-HHTQ, Ni-HHTQ, and Cu-HHTP at 0.05A g™

Cycle number

d Cycling stability of Cu-HHTQ at 1A g™. e GITT curves of Cu-HHTQ, Ni-HHTQ and
Cu-HHTP. f Charge/discharge curves of AOSIBs at 0.05 A g™\, g Rate capability of
AOSIBs at various current densities. h Cycling stability of AOSIBs at 1Ag™.

Electrochemical performance of M-HHTQ as the positive elec-
trodes for SIBs

The electrochemical properties of these 2D c-MOFs as positive elec-
trodes for SIBs were further evaluated. The increase in the content of
acetylene black slightly increased the specific capacity of Cu-HHTQ,
which is resulted from the increased conductivity (Supplementary
Fig. 15), and fortunately, acetylene black has almost no capacity con-
tribution (Supplementary Fig. 16). First, the cyclic voltammetry (CV)
tests of Cu-HHTQ, Ni-HHTQ and Cu-HHTP were conducted in the
voltage range of 1.0-3.6V at 0.1 mVs™ (Fig. 3a and Supplementary
Fig. 17). However, compared to Cu-HHTQ, there is a significant differ-
ence for the CV curves of Ni-HHTQ between the first and subsequent
cycles, which may be due to the higher strain/stress relaxation
potential required by Ni-HHTQs in the initial cycle’*””. Two pairs of
obvious redox peaks located at 2.13V/2.04V and 2.75V/2.70V were
observed for Cu-HHTQ, respectively, corresponding to the two-step
insertion of Na* in the electrochemical reaction. During the discharge
process, the first redox reaction occurred at 2.70 V which could be a
result of the conversion from Cu®* to Cu" accompanied by an electron
transfer. Followed by the discharge to 1.68V, the unsaturated C=0
double bond was reduced to a C-0O single bond, which combines with
Na*. After the electrochemical activation, the overlapped CV curves
indicate the reversible insertion/extraction of Na* in Cu-HHTQ. How-
ever, Ni-HHTQ with the same ligand as Cu-HHTQ has wider and weaker

redox peaks, and relatively low oxidation potential, which may result
from innocent Ni**. As for Cu-HHTP, although two pairs of redox peaks
can be observed, the larger difference between the oxidation and
reduction potentials shows a larger polarization voltage. The galva-
nostatic charge and discharge profiles of Cu-HHTQ show voltage
platforms that agree well with the CV curves (Fig. 3b). To further
investigate the redox process of Cu-HHTQ, differential capacity curves
were obtained, in which two extra pairs of redox peaks (2.93 V/1.74 V
and 3.09 V/1.46 V) may be resulted from the storage of anions (Sup-
plementary Fig. 18). With an upward cycle trend, higher stable specific
capacity of 208 mAh g! can be achieved. By contrast, Ni-HHTQ and Cu-
HHTP show lower specific capacities and relatively low average dis-
charge voltage (Fig. 3c), which can be attributed to the different
electronegativity of the conjugated ligands and central metal. Fur-
thermore, the ultra-long cycle stability test was conducted. A rever-
sible specific capacity of 97 mAh g with the capacity retention rate of
100% is achieved at 1 A g™ after 2000 cycles (Fig. 3d). Excitingly, even at
current densities of 2 and 5A g™, Cu-HHTQ can still operate stably for
8000 and 2000 cycles without a significant capacity loss (Supple-
mentary Fig. 19). The rate performance of Cu-HHTQ s also evaluated at
current densities of 0.1-2A g™, which can deliver a high specific
capacity of 90 mAhg™ at 2A g™ (Supplementary Fig. 20). When the
current density gradually reduces from 2 to 0.1Ag™, a reversible
capacity of 150mAhg™ almost without obvious capacity loss is
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restored, which demonstrates the excellent reaction kinetics and fast
electron transfer of Cu-HHTQ. Herein, Cu-HHTQ has a low Coulombic
efficiency at low currents, which may be attributed to more side
reactions between metal electrode and the electrolyte as well as to the
formation of dendrites. However, the Joule heating generated at higher
currents can self-repair dendrites®?*’. Additionally, to comprehen-
sively understand the fast reaction kinetics, a series of electrochemical
measurements are conducted. The galvanostatic intermittent titration
technique (GITT) is used to determine the ion diffusion kinetics during
the electrochemical reactions (Fig. 3e and Supplementary Fig. 21). Cu-
HHTQ exhibits the short spike, indicating fast equilibration and small
polarization, while there are long spikes for Cu-HHTP, indicating
greater polarization and slower equilibrium®. According to the GITT
curves, the diffusion coefficients were calculated, which are 103-107°,
10"°-10"and 10™-10"?cm?s™ for Cu-HHTQ, Ni-HHTQ, and Cu-HHTP,
respectively (Supplementary Fig. 22), indicating the faster ion diffusion
kinetics of Cu-HHTQ. The charge transfer resistance is analyzed by the
electrochemical impedance spectroscopy (EIS), in which Cu-HHTQ
shows lower resistance (Supplementary Fig. 23a). And as the number
of cycles increases, the impedance shows a decreasing trend (Sup-
plementary Fig. 23b), which may be due to the increase in lattice
caused by repeated insertion/detachment (Supplementary Table S2),
thus facilitating the migration of Na* ion. Furthermore, CV curves with
different scan rates from 0.2 to 1mV s™ are investigated (Supplemen-
tary Figs. 24-26), in which the corresponding b values for four redox
peaks of Cu-HHTQ are calculated to be 0.93, 0.96, 0.65, 0.57, respec-
tively, which indicates that charge-storage process is controlled by
Faradaic intercalation and surface pseudocapacitance. At the same
time, the contribution rate of the pseudocapacitance was also calcu-
lated, and the contribution of the pseudocapacitance also increased
from 44.8% to 67.6% as the scanning speed increased. The above
results show the impressive electrochemical performance of Cu-HHTQ
in half cells, which encourages us to assemble AOSIBs with NaTP as the
negative electrodes, providing a theoretical basis for the development
of practical application of 2D c-MOFs. Firstly, the voltage windows of
Cu-HHTQ and NaTP were compared. Cu-HHTQ (2.55V) has a higher
discharge voltage compared to NaTP (0.4 V)*°*, making them suitable
for assembly into AOSIBs (Fig. 3f). Electrochemical sodification is
achieved by discharging the NaTP to 0.01V (vs. Na*/Na) in a half cell at
0.05Ag™. The assembled full cell exhibits an average discharge
potential of 1.6V at a voltage window of 0.1-2.8V and a reversible
capacity of 150 mAh g™ at 0.05A g™ (Supplementary Fig. 27). The rate
performance of AOSIBs was evaluated between 0.1-0.5A g™ (Fig. 3g).
The specific capacity of 96 mAh g was obtained at 0.5A g™'. When the
current density returns to 0.1A g™, the specific capacity can still be
maintained at 135 mAh g™. The cycle stability was evaluated at 1A g™,
the Coulombic efficiency can reach 99% with almost no capacity loss
after 100 cycles (Fig. 3h). These results suggest that the Cu-HHTQ
based on AOSIBs show considerable promise for practical application.

Electronic structure analysis of M-HHTQ in electrochemical
reaction process

To gain a deeper understanding of why Cu-HHTQ exhibits better
electrochemical performance, comprehensive theoretical calculations
were conducted. The active site of MOy is crucial for electrochemical
reaction, thus understanding the orbital interaction between M 3 d and
0 2p is essential for elucidating the reasons. Firstly, differential charge
density analysis was carried out to display the charge density dis-
tribution after the formation of MO, units. As observed from Supple-
mentary Fig. 28a, b, the charge density on the Cu atoms depletes, while
that on the O atoms accumulates, resulting in O atoms adopting a
lower valence state, which thus is more favorable for the interaction
with Na'. In contrast, for Ni-HHTQ, there is more charge accumulation
on the Ni atom, while the charge on the O atom decreases. The Cu? ion
should be dsp>hybridized. Thus, the unpaired electron in the dx’-y?

orbital is to be promoted to the 4pz orbital with higher energy (Sup-
plementary Fig. 28¢). This potentially leads to a transfer of the electron
density from the Cu?* d-orbitals to the O orbital of the ligands. For Ni**,
the strong-field ligand effect keeps the electrons more tightly bound in
the d-orbitals, accumulating electron density at the Ni** center. The
energy bands and total density of states (TDOS) of Cu-HHTQ and Ni-
HHTQ were calculated using the DFT +U method (Supplementary
Fig. 29). From the energy band, it can be seen that the bandgap of Cu-
HHTQ is narrower than that of Ni-HHTQ, indicating an increase in
electronic conductivity. Furthermore, the fully symmetric DOS of Ni-
HHTQ suggests that Ni atoms lack spin states associated with unpaired
electrons. Conversely, the DOS near E¢for Cu-HHTQ is asymmetric and
spin polarized”, reflecting the presence of numerous unpaired elec-
trons on Cu atoms with the downward spin direction, consistent with
that of Cu. The spin-charge density analysis reveals that the electron
spin directions of Cu and O in Cu-HHTQ are aligned, whereas Ni-HHTQ
lacks spin-polarized electrons (Supplementary Fig. 30). This was also
corroborated by electron paramagnetic resonance (EPR) results, which
exhibit a clear signal peak due to its unpaired electron while Ni-HHTQ
did not present a signal peak (Supplementary Fig. 31).

A detailed analysis of the 3 d orbitals of Cu and Ni was conducted
using the calculated partial density of states (PDOS). The M (II) ion
coordinated with four oxygen ligands in the well-defined MO, active
sites enables a representative square-planar crystal-field environment
with a D,h symmetry*?, where the fivefold degenerate d-bands split
into three states: two twofold degenerate dxz/dyz and dxy/dx*y? and
singly degenerate d2?, as observed from Fig. 4a and b. Owing to the
electron repulsion of axial coordination, the higher energy level of dx*
y? orbital decreases and degenerates with the lower energy level of dxy
orbital (Fig. 4¢)*. Intriguingly, such d-orbital split affects its behavior in
electrochemical reaction, where Cu?* can be more easily reduced to
Cu’. Furthermore, as seen in Supplementary Fig. 32, the orbitals of M
(Cu and Ni) 3d and O 2p form the bonding orbitals M-O and anti-
bonding orbitals of M-O*. The anti-bonding orbitals of Cu-O in Cu-
HHTQ are much closer to the Fermi energy level than that of Ni-O in Ni-
HHTQ, indicating that Cu-HHTQ exhibits a stronger reducing property.
In Cu-HHTQ, there is a significant overlap between the O 2p and Cu 3 d
orbitals, which proves a strong hybridization between Cu and O, and a
greater degree of electron delocalization compared to Ni-HHTQ. To
further understand electron transfer during electrochemical reactions,
we calculated the energy bands and DOS during the discharge process
for both Cu-HHTQ and Ni-HHTQ (Supplementary Fig. 33). For Cu-
HHTQ, the dxy, dx’-y? of the metal center hybridizes with O 2px and O
2py to form bonding (o) and antibonding (c*) orbitals (The energy of o
is relatively low and generally does not participate in chemical reac-
tions). Upon the insertion of Na" into Cu-HHTQ, the electrons occupy
the o* orbital, reducing the orbital energy from 1.2 eV to 0.5 eV for Cu-
HHTQ (Fig. 4d). In contrast, for Ni-HHTQ, the energy of the o* orbital
increases from 2.08 eV to 2.3 eV, which is unfavorable for electro-
chemical reactions (Fig. 4e). Moreover, the reduced separation
between the o and o* orbitals enhances the electrochemical potential
of the reaction, consistent with experimental results indicating that the
reaction potential of Cu-HHTQ exceeds that of Ni-HHTQ. The calcu-
lated Bader charge reveals that the valence state of Cu and O decreases
for each Na* combination during the discharge process, suggesting a
significant electron transfer. However, no notable change in the
valence state of Ni and O occurs during the initial step in Ni-HHTQ
(Fig. 4f). Ni-HHTQ only accommodates Na* at a lower potential with Ni,
with C=0 undergoing reduction during the discharge process,
explaining its lower specific capacity. Additionally, the d-it conjugation
characteristics of both Cu-HHTQ and Ni-HHTQ were analyzed. Gen-
erally, the dxz, dyz, and d2? orbitals, which possess greater Z-direction
components, align with O pz orbitals and hybridize side by side,
forming d-mt conjugates (Fig. 4g). O pz orbitals are continuous over a
wide range and overlap well with the dxz, dyz, and dZ° of Cu, indicating
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HHTQ with Na'. f Barder charge analysis in the electrochemical reaction process of
Cu-HHTQand Ni-HHTQ. g Schematic diagram of d-rt conjugation. PDOS of dxz, dyz,

dZ and O 2pz orbitals in (h) Cu-HHTQ and (i) Ni-HHTQ. j PCOHP analysis of Cu-O
bond in Cu-HHTQ with Na*. k PCOHP of Na-O bond in Cu-HHTQ and the integrated
COHP (ICOHP) value of Na-O bond.

effective delocalization of m electrons, which facilitates continuous
electron conduction. In contrast, the O pz orbitals in the Ni-HHTQ are
discontinuous, indicating partial Tt electrons localization, which ham-
pers electron conduction (Fig. 4h, i). The bonding/antibonding prop-
erties in electronic states were quantitatively assessed using the
Projected Crystal Orbital Hamiltonian Population (PCOHP) (Fig. 4j and
Supplementary Fig. 34). The calculation results before and after the
Na' binding suggest that the primary participating orbitals are dxy, dx’*-
y?, and dxz during the discharge process. The energies of the original
dxy, dx-)? orbitals decrease, while the previously unoccupied dxz
antibonding orbitals transition to occupied states. For Ni-HHTQ, the

interaction among electrons intensifies during electrochemical reac-
tion, leading to increased localization of electrons and subsequent
splitting of the dxy orbitals. This splitting results in the emergence of
new energy levels in the band structure, creating a new band gap that
restricts electron transfer (Supplementary Fig. 35). The more negative
integrated COHP (ICOHP) value (-0.245) of Na-O bonding up to the
Fermi level for Cu-HHTQ suggests a stronger coupling of Na* com-
pared to Ni-HHTQ (-0.235) (Fig. 4k and Supplementary Fig. 36)**. In
consequence, analyzing DOS reveals that Cu-HHTQ, characterized by
low antibonding orbitals and continuous d-m conjugation, demon-
strate higher discharge voltage and specific capacity compared to Ni-
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HHTQ, paving the way for precise modulation of the properties of 2D
¢-MOFs as positive electrodes for SIBs.

Charge storage mechanism and ion diffusion analysis
of M-HHTQ
To gain a deeper understanding of the working principle of Cu-HHTQ, a
series of ex-situ characterizations have been applied. Firstly, ex-situ
FTIR spectra were used to monitor the changes in chemical functional
groups of the Cu-HHTQ during cycling (Supplementary Fig. 37). After
deep discharge to 1.0V, the peak intensity of C=0 at 1636 cm™ gra-
dually weakens, while the peak intensity of C-O at 1250 cm™ increases,
indicating a transition between the C = O group and the C-O group**°.
At the same time, when charged to 3.6V, the characteristic peak at
800-1000 cm™ shows significant enhancement, which further proves
the embedding of PF4™ in the charging process. Furthermore, XPS was
used to evaluate the valence state changes at different potentials
(Supplementary Fig. 38). The valence states of copper in the pristine
Cu-HHTQ are all +2, and when discharged to 1.0V, it is evident that
some Cu*" is reduced to Cu’, and when charged to 3.6V, Cu* dis-
appears. To record the changes in electron numbers of Cu-HHTQ
during cycling, ex-situ EPR was conducted. The EPR signal intensity of
the Cu-HHTQ decreases when discharged to 1.0V, followed by a sig-
nificant increase in further charging to 3.6 V, indicating the conversion
of C=0 bonds (or C-O radical, semi-quinone chemical state) to C-O
bonds (all C=0 bonds become a single bond after discharge) (Sup-
plementary Fig. 39). To investigate the changes in the crystal structure
of Cu-HHTQ during charging and discharging processes, ex-situ XRD
tests were executed. The XRD patterns show that the peak positions are
significantly shifted during the charging process, which agrees with the
theoretical calculations (Supplementary Fig. 40). Whereas, the peaks
returned to their original positions during the discharge process, which
fully demonstrated the reversibility of the electrochemical reaction and
the reversible insertion and detachment of anions in the Cu-HHTQ
lattice. In addition, in situ Raman spectroscopy also confirmed the
structural integrity and reversible changes of Cu-HHTQ during the
charge/discharge processes (Supplementary Fig. S41). Further, Ab
initio molecular dynamics (AIMD) calculations also demonstrated the
restoration of the structure after the deintercalation of PFg (Supple-
mentary Video S1). Although the layered structure exhibits bending
and rippling upon the PF¢ intercalation within a reasonable range, the
layered structure could gradually return to near the original state after
the PF¢ deintercalation. Furthermore, the distance of Cu-O bonds
after the PF4 deintercalation was also monitored (Supplementary
Fig. 42), which displayed that the distance of Cu-O coordination bonds
varied in the range of 1.8-2.2 nm, while the theoretical Cu-O coordi-
nation bond was 1.92-2.37 nm, further evidencing that the structure in
the plane is stable during the intercalation and deintercalation of PF¢.
To further explore the reaction mechanism of Cu-HHTQ, DFT was
conducted to calculate the binding energy and embedding potential of
Na*. According to the discharge platform of the discharge curve, the
electron transfer numbers of the three platforms are 2, 3 and 3,
respectively, corresponding to the absorption of 2PF¢~, 3Na*, and 3Na*,
contributing to the specific capacities of 53 mAhg™, 79 mAh g™, and
75mAh g™ (Fig. 5a). The calculated redox potential of Cu-HHTQ shows
that the embedding potential of PF4™ is about 3 V (Fig. 5b). Based on the
previous assumption that the introduction of N in the ligand can lose
electrons and bind to PF, the binding energy of PF¢ was calculated to
be 2.99 V, contributing the specific capacity of 52.9 mAh g™. Next, the
binding sites and binding energy of Cu-HHTQ and Na* were calculated.
Firstly, the Cu* in the CuO, unit receives an electron and combines
with Na’, resulting in a calculated potential of 2.83V, theoretically
contributing to the theoretical capacity of 80 mAh g™, which is con-
sistent with the experimental results. Then, Na* combines with the O
atom in the unit of CuO,, and the oxidation-reduction potential is
1.84V. The spin-charge density of Cu-HHTQ and Ni-HHTQ was

analyzed during the discharging process, and there was no significant
change in Cu-HHTQ before and after the electrochemical reaction
(Fig. 5¢). Na" mobility in electrode materials has a great influence on
rate performance, so it is calculated for two representative paths P1
and P2. P1 represents the intralayer diffusion of Na* ions from the “a”
site to the “g” site, while P2 represents the interlayer diffusion of Na*
ions from the “a” site to the “g” site (Fig. 5d, f). Figure Se, g represents
the diffusion energy barriers of Na* along the two paths, clearly indi-
cating that the energy barrier of 0.46 eV for diffusion along the P1 path
is much lower than 2.1 eV of intralayer diffusion. This may be due to the
small interlayer spacing, which makes it difficult for Na* migration.

Discussion

In summary, we report a strategy for exploring the multielectron-
transfer mechanism from electronic band structure engineering by
using the 2D c-MOF (Cu-HHTQ) as a proof-of-concept. Different from its
counterpart 2D ¢-MOF Ni-HHTQ and Cu-HHTP, Cu-HHTQ features
stronger electronegativity, stronger conjugated degree and excellent
electronic structure by analyzing EA-DOS, contributing to the increasing
cell potential, specific capacity, and reaction kinetics. Consequently, Cu-
HHTQ displayed a high discharge voltage at 2.55V (Na“/Na), a higher
stable specific capacity of 208 mAhg™ at 0.05Ag”, and remarkable
cyclability with the capacity retention rate of 100% at 1A g™ after 2000
cycles. As a result, the Cu-HHTQ//NaTP AOSIBs also show a reversible
capacity of 150 mAh g at 0.05A g™ and good cyclability. These results
emphasize the importance of bipolar active sites in Cu-HHTQ and
deepen the understanding and precise regulation of its microscopic
working mechanism, which provides a feasible scheme for the design
and development of high-performance positive electrodes for SIBs in
the future by regulation of electronic band structure.

Methods

Materials

All solvents and chemicals were of analytical grade and used without
further purification. HHTQ =2,3,7,8,12,13-Hexahydroxy-
tricycloquinazoline (99%, Jilin Chinese Academy of Sciences-Yanshen
Technology Co., Ltd.), CuSO45H,0 (99%, Aladdin), Ni(OAc),-4H,0
(99%, Aladdin), Cu(OAc), (98%, Aladdin), Electrolyte (1M NaPF¢ in
DME, DoDoChem), Na metal (Purity 99.75%, thickness 0.5 mm, dia-
meter 14mm, DoDoChem), Separator (GF/6227, thickness
0.62 £ 0.01 mm, average Pore diameter 2.76 um DoDoChem), PVDF
(Electronic grade, Aladdin), NMP (Electronic grade, Aladdin).

Synthesis of M-HHTQ. HHTQ (50 mg, 0.12mmol) was placed in a
10 mL scintillation vial, and 1 mL of N, N-dimethylformamide (DMF)
was added. The vial was subjected to ultrasonication until the ligand
was completely dissolved in DMF. Subsequently, a solution of
CuS04-5H,0 (45 mg, 0.18 mmol) in 2 mL of deionized water was added
to the vial. The resulting mixture was ultrasonicated for 5 min. The vial
was then sealed and heated at 85 °C for 24 h. After the reaction, the
resulting black powder was collected by suction filtration using a nylon
membrane and washed sequentially with DMF, deionized water,
ethanol, and acetone. The final product was dried under vacuum at
120 °C overnight*.

A solution of Ni(OAc),-4H,0 (22.5mg, 0.09 mmol) in 3mL of
water was prepared and added to a solution of HHTQ (12.48 mg,
0.03mmol) in 1mL of DMF. The mixture was subjected to ultra-
sonication in a vial for 30 min, followed by heating in an oven at 85°C
for 72 h. After the reaction, the resulting black powder was collected by
centrifugation and washed repeatedly with water and acetone. The
product was then dried overnight under a vacuum at 120 °C>.

Synthesis of Cu-HHTP. The HHTP ligand (97.2 mg, 3 mmol) was dis-
persed in 10 mL of isopropanol using ultrasound. To this dispersion,
10mL of an aqueous solution containing Cu(OAc), (88.9 mg,
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the discharging process. d Schematic showing the P1 diffusion path and (e) cor-
responding diffusion energy barrier. f Schematic showing the P2 diffusion path and
(g) corresponding diffusion energy barrier.

4.9 mmol) was added dropwise. The resulting mixture was stirred for
15min under ambient conditions. After stirring, the mixture was
transferred to an autoclave and heated at 85 °C for 15 h in a preheated
oven. The final product was collected by filtration and sequentially
washed with water, ethanol, and acetone™®.

Assembly of half-cell of SIBs. In the fabrication of half-cell, the
positive electrodes were prepared by mixing active materials (Cu-
HHTQ, Ni-HHTQ or Cu-HHTP), acetylene black, and polyvinylidene
fluoride (PVDF) in a ratio of 4:5:1 or 6:3:1 with an appropriate amount of
N-methylpyrrolidone (NMP) (Except where noted, electrochemical
tests were performed with electrode composition of 4:5:1). Then, the
uniform slurry was cast on aluminum foil and dried at 80 °C for 12 h.
The active substance loading of each electrode was controlled at

1.0-1.2 mg/cm? The electrode was cut into circular discs with a dia-
meter of 12 mm. CR2032-type coin cells were assembled by coupling
the above positive electrodes with the commercial Na sheet using the
glass fiber as the separator and 1 M NaPF4 in DME as the electrolyte.

Assembly of full-cell of AOSIBs. The assembly of full-cell uses pre-
sodification NaTP as the negative electrodes and Cu-HHTQ as the
positive electrodes. The NaTP was made by grinding NaTP, acetylene
black, and PVDF in the ratio of 7:2:1 in an appropriate amount of NMP,
and the black slurry obtained was coated on copper foil. The mass ratio
of the positive electrodes and negative electrodes is about 1.2:1, and
the mass of the positive electrodes is used as the active substance
mass. Before assembling the full-cell of AOSIBs, the pre-sodification of
NaTP was performed. The electrochemical test of full battery is
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conducted within the voltage range of 0.1-2.8 V. For the ex-situ testing
of Cu-HHTQ electrodes, the Cu-HHTQ electrodes in various states
were collected in an argon-filled glove box, carefully sealed, and pro-
tected from air exposure during sample transportation. For the in situ
testing, the Cu-HHTQ electrode was assembled into a tightly sealed
in situ cell within the glove box, followed by subsequent testing.

Electrochemical measurements. The galvanostatic charge/discharge
tests were performed at different current densities within a potential
of 1-3.6 V or 0.1-2.8 V on a LAND-CT3001A battery testing instrument
(LAND Electronic Co., Wuhan China) at 25 °C (Concerning the repeat-
ability of the battery, we performed three replicate experiments,
maintaining the experimental error within a 10% margin. The specific
analytical methodology is detailed in Supplementary Fig. S43). CV
measurements were carried out in the different scan rates within a
potential of 1-3.6 V using CHI760 Workstation. Electrochemical impe-
dance spectra (EIS) were carried out on CHI760 Workstation in a fre-
quency range of 0.01-100,000 Hz.

Material characterizations. The Fourier Transform Infrared (FTIR)
spectra were recorded in the region of 400-4000 cm™ on a Nicolet
Magna 560IR spectrometer. Scanning electron microscopy (SEM)
images were performed on a JEOS JSM 6700.'H NMR was measured on
Bruker 500 M (Bruker, Germany) with (methyl sulfoxide)-ds as the
solvent. Thermogravimetric analysis (TGA) was performed using a
Perkin-Elmer TGA analyzer system at a heating rate of 10 °C min in air.
Powder X-ray diffraction (PXRD) was performed with a Siemens D5005
diffractometer with scanning rate of 1° min™ (20). The gas adsorption-
desorption isotherms were measured on a Quantachrome Autosorb-
iQ, analyzer. Surface areas and was measured via a Specific surface
area and pore size analyzer (ipore 600) by drying samples at 100 °C for
8 h under vacuum (10 bar) before analysis, and pore size distribution
was calculated by nonlocal density functional theory (NLDFT). High-
resolution transmission electron microscopy (HRTEM) images were
collected on an FEI TALOS-200X transmission electron microscope
under the accelerating voltage of 200 kV. X-ray photoelectron spec-
trometer (XPS, AXIS Ultra DLD) was utilized to study the surface
chemistry of the samples. HAADF-STEM images were recorded on a
JEOL-2100F FETEM with an electron acceleration energy of 200 kV. The
X-ray absorption fine structure (XAFS) spectra were collected by
easyXAFS300+.The Raman spectra were collected using a HORIBA
LabRAM Odyssey instrument.

Theoretical calculation. The simulations were performed with the
periodic plane-wave implementation of density functional theory
(DFT) in the Vienna Ab initio Simulation Package (VASP)*. Blochl's
projector augmented wave (PAW) method was used to describe core-
valence interaction with a plane wave cut-off energy of 450 eV*:. Spin
polarization calculations performed for all simulations with the con-
sideration of empirical dispersions of Grimme (DFT-D3) for the long-
range vdW interactions. Hubbard U correction in the form of GGA+U
was applied to compute on Cu (U=7.0eV,/=0eV)and Zn (U=7.0eV,
J=0eV) surfaces. Brillouin-zone integrations were applied with k-point
sampling of the Monkhorst-Pack scheme in a 2 x 2 x 5 grid with
accuracy levels of 0.03 instructure optimization. The convergence
criterion of energy and structural relaxation were 1.0 x 10°eV and
0.04 eV/A, respectively. To quantitatively describe the diffusion
behavior of Na* ion, we further obtained minimal energy path profiles
using the nudged elastic band (NEB) method. Ab initio molecular
dynamics (AIMD) simulations were performed using the PBE func-
tional and the PAW pseudopotential. Brillouin-zone integrations were
applied with k-point sampling of the Gamma scheme in a1 x1x1grid.
AIMD simulations in the NpT ensemble lasted 1.5 ps with a time step of
1fs. The temperature of the AIMD was maintained at 300 K using the

Langevin method. In order to facilitate the de-insertion of PF¢, we
applied a pressure of 1bar in the Z direction.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available within the
article (and its Supplementary Information files) and from the corre-
sponding authors upon request.
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