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terpenetrated conductive metal–
organic framework for fast and robust sodium-ion
storage†

Zhaoli Liu, Juan Chu, Linqi Cheng, Junhao Wang, Chongyi Zhang, Cheng Zhang,
Fengchao Cui, * Heng-Guo Wang * and Guangshan Zhu

Two-dimensional conductive metal–organic frameworks (2D c-MOFs) with high electrical conductivity and

tunable structures hold significant promise for applications in metal-ion batteries. However, the

construction of 3D interpenetrated c-MOFs for applications in metal-ion batteries is rarely reported.

Herein, a 3D four-fold interpenetrated c-MOF (Cu-DBC) constructed by conjugated and contorted

dibenzo[g,p]chrysene-2,3,6,7,10,11,14,15-octaol (DBC) ligands is explored as an advanced cathode

material for sodium-ion batteries (SIBs) for the first time. Notably, the expanded conjugated and four-

fold interpenetrating structure endows Cu-DBC with transmission channels for electrons and sufficient

spacing for sodium ion diffusion. As expected, the Cu-DBC cathode showcases higher specific capacity

(120.6 mA h g−1, 0.05 A g−1) and robust cycling stability (18.1% capacity fade after 4000 cycles, 2 A g−1).

Impressively, the Cu-DBC cathode also exhibits good electrochemical properties at extreme

temperatures (−20 °C and 50 °C). A series of in/ex situ characterizations and systematic theoretical

calculations further reveal the sodium-ion storage mechanism of Cu-DBC, highlighting a three-electron

redox process on the redox-active [CuO4] units. This work provides valuable insights for exploring and

enriching the applications of 3D interpenetrated c-MOFs in metal-ion batteries.
Introduction

Currently, lithium-ion batteries (LIBs) have achieved signicant
success in both portable electronics and electric automobiles
due to their superior cycling stability and energy density, and
are also being considered for grid-scale energy storage.1

However, in view of the increasing scarcity of lithium minerals
and their uneven distribution around the world, LIBs are
unlikely to be a sustainable approach to the need for grid-scale
energy storage.2 Sodium-ion batteries (SIBs) are regarded as
viable substitutes to LIBs for grid-scale energy storage applica-
tions owing to the natural abundance of sodium and the simi-
larity of their working mechanism to that of LIBs.3 However, the
intercalation of Na+ with a larger radius poses a challenge for
crystal structures of inorganic electrode materials.4 Therefore,
exploiting advanced electrode materials remains the primary
task for developing SIBs.

Two-dimensional conductive metal–organic frameworks (2D
c-MOFs), which are assembled from p-conjugated organic
icular Material Chemistry of Ministry of

heast Normal University, 5268 Renmin

hina. E-mail: cuifc705@nenu.edu.cn;

tion (ESI) available. See DOI:

18
ligands with transition metal ions to constitute 2D layer stacks,
have attracted wide attention in various elds owing to their
structural exibility, intrinsic porosity, remarkable electrical
conductivity, and high charge carrier mobility.5 Most impor-
tantly, the overlap between the p orbitals of the conjugated
ligands and d orbitals of the metal nodes allows the delocal-
ization of electrons throughout the system, endowing 2D c-
MOFs with intrinsic conductivity and stability.6 In particular,
the coordinated centers of 2D c-MOFs provide redox sites that
can accept and release electrons, making them promising
candidates as electrode materials for metal-ion batteries.7 To
date, the reported 2D c-MOFs used in the battery eld are
derived exclusively from planar conjugated ligands, such as
benzene,8 triphenylene,9 tricycloquinazoline,10 and hex-
aazanonaphthalene.11 However, these commonly used planar
conjugated ligands oen complicate the synthesis of high-
quality 2D c-MOFs due to their poor solubility in organic
solvents.12 Moreover, the dense layer stacks of 2D c-MOFs con-
structed by planar conjugated ligands are detrimental to
exposing active sites and intercalating ions with a large radius.13

In this context, nonplanar conjugated ligands are attractive
alternatives for building 3D c-MOFs with ne-tuned properties.
Their good solubility and concave–convex self-complementarity
enable the preparation of 3D c-MOFs with highly ordered
stacked column structures.14 Additionally, 3D c-MOFs based on
nonplanar conjugated ligands possess interpenetrating, wavy or
© 2025 The Author(s). Published by the Royal Society of Chemistry
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contorted topologies, which can expose the unique concave and
convex faces that facilitate electronic communication and ion
storage.15 Recent studies have demonstrated that 3D c-MOFs
incorporating nonplanar dibenzo-[g,p]chrysene and hex-
abenzocoronene ligands with interpenetrating or wavy topology
showcase good charge transport properties comparable to the
planar counterparts, which are typical features required of
electrode materials for metal-ion batteries.16 Therefore, the
development of nonplanar 3D c-MOFs as electrode materials for
batteries is anticipated, and could overcome the challenges
posed by the intercalation of Na+ with its larger radius, thus
enabling more active site exposure to achieve robust SIBs.

Herein, we report an electrochemically active and nonplanar
3D c-MOF (Cu-DBC) composed of a contorted conjugated
catechol-based linker (dibenzo-[g,p]chrysene-
2,3,6,7,10,11,14,15-octaol, 8OH-DBC) and Cu nodes, as an
advanced cathode material for SIBs for the rst time. The
uniqueness of the nonplanar 8OH-DBC ligand could result in
the formation of Cu-DBC with a quadruple interpenetration
structure, which provides sufficient layer spacing to withstand
successive sodium-ion intercalation. Consequently, Cu-DBC
Fig. 1 (a) Diagram of Cu-DBC in one-fold interpenetration. (b) Diagram o
(c) LOL-p isosurface of Cu-DBC segments. (d) Sign(l2)r of Cu-DBC corr
sign(l2)r. (f) Electronic band structure and density of states (DOS) of Cu

© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibits good capacity (120.6 mA h g−1, 0.05 A g−1) and
impressive cycling stability (18.1% capacity fade for 4000 cycles
at 2 A g−1). Moreover, even at a relatively high-mass loading of
2.5 mg cm−2, Cu-DBC could retain a capacity of 90.7 mA h g−1

(0.2 A g−1) and exhibit stable cycling with 3.2% capacity
degradation over 300 cycles. Additionally, the Cu-DBC cathode
also displays impressive performance when tested at −20 °C
and 50 °C, making it promising in practical applications.

Results and discussion
Theoretical analysis

To demonstrate the superiority of interpenetrating 3D c-MOFs,
Cu-DBC was chosen as a model to theoretically evaluate the
possibility and feasibility of its application to metal-ion
batteries. The interpenetrating network of Cu-DBC consists of
contorted and conjugated DBC units linked through Cu ions,
which induces electron delocalization in a three-dimensional
direction (Fig. 1a). The distance between the interpenetrated
layers of Cu-DBC is larger than that of densely packed 2D c-
MOFs (Cu-HHTP, HHTP = 2,3,6,7,10,11-
f double interpenetration for Cu-DBC and double layers for Cu-HHTP.
esponding to IGMH analyses. (e) Colored scatter map between IRI and
-DBC. (g) The Brillouin zone of the Cu-DBC unit cell.

Chem. Sci., 2025, 16, 2810–2818 | 2811

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07400a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 4

:3
0:

50
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
hexahydroxytriphenylene) (Fig. 1b). Fortunately, the inter-
penetrating structure enables Cu-DBC to form an informal AA
stacking structure, thereby enhancing the electronic coupling
between the layers. To further investigate the properties of Cu-
DBC, its electronic structure was analyzed using a simplied
structural model via DFT calculations. The calculated localized
orbital locator-p (LOL-p) isosurface (Fig. 1c) of Cu-DBC shows
that the p electrons are highly delocalized over the conjugate
plane. The isosurface map of the independent gradient model
based on Hirshfeld partition (IGMH) and the scatter map
between the interaction region indicator (IRI) and sign(l2)r
both express the p–p interaction between the adjacent inter-
penetrations in Cu-DBC, which are colored green (Fig. 1d and
e). In addition, the electronic band structure of Cu-DBC
demonstrates that the Fermi level crosses the valence bands
in the G–Z, G–R2, G–T2, and G–U2 directions (Fig. 1f and g). This
Fig. 2 (a) Synthetic diagram of Cu-DBC. (b) Topological structure of Cu-
foil, Cu2O, and CuO. (e) Wavelet transform-EXAFS signals of Cu-DBC. (f
elements Cu, O, and C for Cu-DBC.

2812 | Chem. Sci., 2025, 16, 2810–2818
indicates that Cu-DBC exhibits metallic properties along the z-
axis. These analyses manifest a high degree of electron delo-
calization in Cu-DBC, which promotes efficient charge trans-
port. Moreover, the density of states (DOS) of Cu-DBC illustrates
that the valence band is constituted of the 2p orbitals of O and
C, while the aforementioned orbitals and Cu 3d orbitals
constitute the conduction band. It is evident from these
observations that the electron delocalization is induced by p–

d conjugation. The metallic behavior along the z-axis, together
with the high degree of electron delocalization, suggests that
the interpenetrating Cu-DBC may exhibit much better charge
transport properties.

Synthesis and characteristics of Cu-DBC

Based on the above theoretical analysis, Cu-DBC was synthe-
sized using a contorted conjugated ligand (8OH-DBC) with Cu2+
DBC. (c) PXRD patterns. (d) Cu K-edge XANES spectra of Cu-DBC, Cu
and g) HRTEM images of Cu-DBC. (h) HAADF-STEM mappings of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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through a simple solvothermal method (Fig. 2a, see ESI† for
synthetic details). Powder X-ray diffraction (PXRD) analysis was
performed to characterize the crystal structure of Cu-DBC. The
lattice parameters of Cu-DBC were identied by Pawley's
renement to be a = 4.4 Å, b = 42.6 Å, and c = 14.6 Å (Rwp =

2.79%, Rp = 1.70%) (Fig. 2c). This also conrms the highly
crystalline nature of the prepared Cu-DBC. The four-fold inter-
penetration of Cu-DBC forms one-dimensional channels
measuring 1.2–1.6 nm in pore size along the z-axis. The distance
between adjacent interpenetrations is 3.8 Å (Fig. 2b). The
intrinsic porosity of Cu-DBC was evaluated using the N2 sorp-
tion isotherm (Fig. S1, ESI†). The results indicate a main pore
width of 1.5 nm and a BET surface area of 131.8 m2 g−1, aligning
with the simulated structural model of Cu-DBC. A comparison
of the Fourier-transform infrared spectra(FT-IR) of 8OH-DBC
and Cu-DBC veries that the catechol units are completely
coordinated with Cu ions (Fig. S2, ESI†). The characteristic
peaks of O–H and C–O–H around 3300 cm−1 and 678 cm−1 in
the 8OH-DBC spectrum fully disappeared in Cu-DBC. The
presence of the C]O characteristic peak (1620 cm−1) indicates
that organic ligands were oxidized aer deprotonation; thus,
catecholates and semi-quinones coexist in Cu-DBC along with
free radical formation. The existence of free radicals was proved
by electron paramagnetic resonance (EPR) spectra (Fig. S3,
ESI†). The strong EPR signal at g = 2.005 is attributed to the C–
O$ radical species, corroborating the oxidation of the organic
ligands, thereby resulting in the coexistence of C]O and C–O
bonds.17 Comparison of the UV-vis spectra of 8OH-DBC and Cu-
DBC shows an overall redshi of the peak due to the formation
of an extended conjugated structure aer coordination (Fig. S4,
ESI†).18 X-ray photoelectron spectroscopy (XPS) was utilized to
identify the constituents and chemical states of Cu-DBC
(Fig. S5, ESI†). The XPS survey spectrum reveals the presence
of the elements C, O, and Cu in Cu-DBC. The Cu 2p peaks at
954.3 eV, 934.4 eV, 952.8 eV, and 932.9 eV correspond to Cu2+

2p1/2, Cu
2+ 2p3/2, Cu

+ 2p1/2 and Cu+ 2p3/2, respectively, indi-
cating a slight amount of Cu2+ was reduced to Cu+ in the
synthesis process of Cu-DBC. Moreover, the co-existence of
C]O (533.3 eV) and C–O (531.5 eV) bonds was also observed.
Furthermore, X-ray absorption near-edge structure (XANES) and
extended X-ray absorption ne structure (EXAFS) were per-
formed to elucidate the coordination environment and valence
of Cu in Cu-DBC (Fig. 2d, e and S6, ESI†). The XANES spectra of
Cu-DBC prove that the Cu within the framework predominantly
exists in a +2 oxidation state, as it shares almost the same white
line peaks with CuO. The dominant peak in the k3-weighted
Fourier transform EXAFS (FT-EXAFS) spectrum of Cu-DBC is
close to that of CuO, consistent with the above result. Wavelet-
transformed EXAFS spectroscopy was used to intuitively visu-
alize the coordination mode of Cu-DBC. The FT-EXAFS tting
parameters are summarized in Table S1 (ESI),† and indicate
that the rst and second peaks in the FT-EXAFS spectra of Cu-
DBC correspond to Cu–O bonds, demonstrating the formation
of copper bis(dihydroxy) coordination. Additionally, character-
ization of the morphology of the synthesized Cu-DBC with
scanning electron microscopy (SEM), high-resolution trans-
mission electron microscopy (HRTEM), and high-angle annular
© 2025 The Author(s). Published by the Royal Society of Chemistry
dark-eld scanning transmission electron microscopy (HAADF-
STEM) was conducted. Cu-DBC exhibits uniform microcrystal-
line rods that range from 500 nm to 1 mm in length and are
approximately 50 nm in width (Fig. S7, ESI†). The d = 1.06 nm
lattice fringe is attributed to the (031) crystal plane of Cu-DBC
(Fig. 2f). The lattice fringe indicated a diamond-shaped
porous arrangement within the cross-section of the microcrys-
talline rods. The interlayer distance was measured to be d =

1.42 nm for the (030) crystal plane and 1.15 nm for the (300)
crystal plane, in agreement with the established crystal model of
Cu-DBC (Fig. 2g). The HAADF-STEM image of Cu-DBC shows Cu
species is uniformly dispersed on the matrix (Fig. S8, ESI†).
Furthermore, the HAADF-STEM image and corresponding
energy-dispersive spectroscopy (EDS) mappings reveal that the
elements C, O, and Cu are uniformly distributed in the micro-
crystalline rods of Cu-DBC (Fig. 2h). Moreover, the actual
percentage of the element Cu in the prepared Cu-DBC is
18.15 wt% as determined from the energy dispersive X-ray
spectra of the samples, which almost matches the theoretical
content of 18.77% (Fig. S9, ESI†). Furthermore, thermogravi-
metric analysis (TGA) of Cu-DBC under N2 and air was per-
formed to analyse its thermal stability (Fig. S10, ESI†). In the
TGA curves, the weight loss above 220 °C is associated with the
structural collapse of the materials, while that under 220 °C can
be ascribed to the evaporation of the organic reagent and water
from thematerial. Thus, Cu-DBC exhibits good thermal stability
under 220 °C without signicant decomposition. The observa-
tion of 22.75% residual mass at 800 °C provides insight into the
composition of Cu in the samples. This result indicates that the
percentage composition of Cu in Cu-DBC is 18.17%, which close
to the theoretical value. In addition, the stability of Cu-DBC was
evaluated aer soaking in organic solvents (DMF), electrolytes
(DME), NaOH (1 M) and HAC (1 M) for 6 h. The resulting PXRD
patterns conrm the high chemical stability of Cu-DBC
(Fig. S11, ESI†). To demonstrate the importance of the inter-
penetrating structure, Cu-HHTP was also synthesized (see ESI†
for synthetic details) and characterized (Fig. S12–17, ESI†). The
two-probe method was employed to measure the electrical
conductivity of Cu-DBC and Cu-HHTP. According to the
current–voltage curve, the electrical conductivity of Cu-DBC is
3.5 × 10−4 S m−1, approaching that of Cu-HHTP (1.7 × 10−3 S
m−1) (Fig. S18, ESI†).
Electrochemical performance of Cu-DBC cathode

Subsequently, the electrochemical performances of the
synthesized Cu-DBC and Cu-HHTP as cathode materials were
investigated and compared by assembling coin-type half SIBs.
Cyclic voltammetry (CV) tests were carried out at 0.1 mV s−1.
The CV curves of Cu-DBC show two pairs of redox peaks, one
pair at 2.30 V/2.10 V and another at 2.96 V/2.67 V. These peaks
correspond to the reversible redox reactions involving the
carbonyl (C]O) groups in the ligand of Cu-DBC that accom-
pany the insertion and extraction of Na+ (Fig. 3a). In addition,
the oxidation peak at 3.25 V corresponds to the oxidation of CuI.
The coincidence of the CV curves in repeated cycles suggests
that the Cu-DBC cathode possesses favorable electrochemical
Chem. Sci., 2025, 16, 2810–2818 | 2813

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07400a


Fig. 3 (a) CV curves of Cu-DBC at 0.1 mV s−1. (b) GCD profiles of Cu-DBC and Cu-HHTP at 0.05 A g−1. (c) Cycling stability of Cu-DBC and Cu-
HHTP at 0.05 A g−1. (d) Cycling stability of Cu-DBC at 2.0 A g−1. (e) Rate capability of Cu-DBC and Cu-HHTP. (f) GCD profiles of Cu-DBC at
0.2 A g−1 with varying active mass loading. (g) Rate capability of Cu-DBC at −20 °C.
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reversibility. The CV curves of Cu-HHTP suggest that it shares
a similar redox mechanism with Cu-DBC (Fig. S19, ESI†). Fig. 3b
shows a comparison of the galvanostatic charge/discharge
(GCD) curves between Cu-DBC and Cu-HHTP. Cu-DBC
exhibits a better specic capacity (120.6 mA h g−1, 0.05 A g−1)
compared to Cu-HHTP (91.8 mA h g−1). Additionally, the
capacity of Cu-DBC remains at 116.7 mA h g−1 aer 100 cycles
with a capacity fade of only 3.2% compared to that of Cu-HHTP
(Fig. 3c). Even at 2.0 A g−1, Cu-DBC retains superior cycle
stability aer 4000 cycles, achieving a capacity retention of
81.9% (Fig. 3d). Moreover, Cu-DBC also displays outstanding
rate performance (Fig. 3e) with reversible capacities of 125, 121,
115, 106, 99, 91, and 77 mA h g−1 at 0.05, 0.1, 0.2, 0.5, 1.0, 2.0
and 5.0 A g−1, respectively, which are higher than those of Cu-
HHTP. Notably, Cu-DBC exhibits a very small loss in capacity
up to 1.0 A g−1. Moreover, these results suggest that the Cu-DBC
cathode can be rapidly charged to a capacity of 77 mA h g−1 in
merely 56 seconds, equivalent to a specic power density of 11
000W kg−1. This excellent rate property could be ascribed to the
combination of fast diffusion of Na+ in the interpenetrating
network and the good electrical conductivity of the expanding
2814 | Chem. Sci., 2025, 16, 2810–2818
conjugated structure. Furthermore, electrochemical impedance
spectroscopy (EIS) was performed on Cu-DBC and Cu-HHTP
(Fig. S20, ESI†).19 The Nyquist plots are primarily divided into
two parts, the high- and low-frequency regions (semicircle and
sloping lines). The semicircle corresponds to the charge trans-
fer resistance (Rct), while sloping lines represent the ion diffu-
sion processes within the electrode material, known as the
Warburg impedance. Cu-DBC exhibited an Rct of 8 U, compa-
rable to that of Cu-HHTP (5 U), conrming the similar electrical
conductivity of the Cu-DBC and Cu-HHTP cathodes. Electro-
chemical kinetic analysis of Cu-DBC was carried out through CV
tests at different scanning rates (Fig. S21, ESI†). With increasing
scan rate, the redox peaks shied due to enhanced polarization.
The dynamics of the charge storage mechanism in Cu-DBC can
be identied based on the value of b. The b values of Cu-DBC are
close to 1, which indicates surface-controlled kinetics.20 In
addition, applying the galvanostatic intermittent titration
technique (GITT),21 the Na+ diffusion coefficient (DNa+) of Cu-
DBC (10−11–10−9 cm2 s−1) can be calculated, and is larger
than that of Cu-HHTP (10−12–10−10 cm2 s−1) (Fig. S22, ESI†),
indicating higher Na+ diffusivity and fast reaction kinetics.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, a performance comparison between typical
cathodes and Cu-DBC cathode was prepared and is presented in
Table S2 (ESI),† showcasing the good rate capability and long-
term cycling stability of Cu-DBC.

In general, due to their poor inherent electrical conductivity,
organic materials as electrodes can only withstand modest mass
loadings of less than 1.0 mg cm−2.22 Based on its excellent cycling
stability and rate performance, the performance of Cu-DBC
cathodes with higher mass loadings was investigated. Cathodes
with various active material loadings of 0.5–2.5 mg cm−2 were
fabricated to evaluate the high active mass loading of Cu-DBC. A
Cu-DBC cathode with a high loading (1.6 mg cm−2) showed
a capacity of 100.3 mA h g−1 close to that of the 0.5 mg cm−2

cathode at 0.2 A g−1 (Fig. 3f). Additionally, the Cu-DBC cathode
with a higher loading of 2.5 mg cm−2 delivered a capacity of
90.7 mA h g−1, which represents a slight capacity degradation
compared to that of its 0.5 mg cm−2 counterpart at 0.2 A g−1,
further certifying the favorable electronic transfer dynamics of
Cu-DBC. Moreover, the Cu-DBC cathode with a loading of 2.5 mg
Fig. 4 (a and b) Discharge/charge profile and in situ FT-IR spectra of Cu-
e) Ex situ XPS spectra of O 1s and Cu 2p during the GCD process.

© 2025 The Author(s). Published by the Royal Society of Chemistry
cm−2 maintained long-term cycle stability (3.2% capacity degra-
dation aer 300 cycles) (Fig. S23, ESI†). In addition to its high-
loading tolerance, the low/high-temperature performance of the
Cu-DBC cathode was also assessed. At −20 °C, Cu-DBC cathode
was subjected to reversible cycling at currents of 0.05, 0.1, 0.2, 0.5
and 1.0 A g−1, respectively, with no loss of capacity aer recovery
to 0.05 A g−1 (Fig. 3g). Long-term cycling performance at −20 °C
was also achievable with Cu-DBC, with negligible capacity loss
aer 480 cycles at 0.2 A g−1 (Fig. S24, ESI†). At 50 °C, the Cu-DBC
cathode exhibited notable cycling stability with a capacity loss of
8% aer 1700 cycles (Fig. S25, ESI†). The above results suggest
the fast electron/ion dynamic behavior of the Cu-DBC cathode
even in harsh conditions.

Sodium storage mechanism of Cu-DBC

To investigate the Na+ storage mechanism of Cu-DBC, various
characterizations of the Cu-DBC cathode were performed
during the electrochemical process. In situ FT-IR was carried out
to conrm the transformation of the redox active sites. The
DBC. (c) Ex situ EPR spectra of Cu-DBC during the GCD process. (d and
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07400a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 4

:3
0:

50
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
characteristic peak of C–O bonds (1250 cm−1) is strengthened
during discharging processes and weakened during charging
processes. Additionally, compared to those of the C–O bonds,
the peaks of the C]O bonds (1620 cm−1) exhibit the opposite
trend during the discharging and charging processes (Fig. 4a
and b). It is noteworthy that the enhancement and attenuation
of the C–O bonds occurs mainly in the later stages of discharge
and the initial stages of charge (i.e. the low-voltage ranges of the
GCD process). Therefore, the capacity contribution in the high-
voltage range of the GCD process corresponds to the redox of Cu
ions. Several conclusions can be reached from the above anal-
ysis. Firstly, the [CuO4] units are the active sites of the redox
reactions in the Cu-DBC. Secondly, the [CuO4] units undergo
two types of redox reactions during the GCD process: the redox
of the C]O occurring in the low-voltage range and the redox of
Cu2+ ion in the high-voltage range. In addition, the in situ
Raman spectra reect the variation and recovery of the Cu–O
bond during the GCD process (Fig. S26, ESI†), implying
reversible Na+ storage in the [CuO4] units.23 The EPR signal of
the Cu-DBC cathode was attenuated and enhanced during the
discharging and charging process, corresponding to the trans-
formation and recovery of the C–O$ radical (the C]O bond
exists as a semi-quinones state) (Fig. 4c). Moreover, the revers-
ible conversion between C]O and C–O bonds during the GCD
processes was also conrmed by changes in the O 1s XPS
spectra (Fig. 4d). Fig. 4e reveals the conversion of Cu2+ to Cu+

during the discharging process and the opposite transition for
Fig. 5 (a) Schematic of the Na+ storage process in the [CuO4] units. (b
associated energy barrier.

2816 | Chem. Sci., 2025, 16, 2810–2818
the charging process. Furthermore, the ex situ PXRD patterns
and SEM images suggest that the structure of Cu-DBC was not
collapsed aer the GCD processes (Fig. S27, ESI†). The elec-
trochemical impedance spectra of the coin cell were measured
aer long-term cycling. The Nyquist plots show that the charge
transfer resistance decreased aer 100 cycles due to the supe-
rior interfacial compatibility in the battery and the optimized
interface between the electrode and electrolyte.24

Overall, the Na+ storage mechanism of Cu-DBC can be
divided into three steps (Fig. 5a). During the charging process,
one repeating [CuO4] unit in a fully discharged state can
reversibly extract three Na+, accounting for the CV proles with
three distinct reversible oxidation peaks. During the discharg-
ing process, the copper ion of one repeating [CuO4] unit is rst
reduced from CuII to CuI, accompanied by the insertion of one
Na+. Subsequently, the electroneutral [CuO4] units are con-
verted into new states of negative charge by the insertion of two
additional Na+. First-principles DFT calculations were per-
formed to deepen our comprehension of the ion storage
mechanism of Cu-DBC in SIBs. The results conrmed that one
repeating [CuO4] site of Cu-DBC can bind three Na+ with
binding energies of −2.1, −1.8, and −0.4 eV during the
discharge process (Fig. 5b). Furthermore, computational
simulations were conducted to identify the Na+ diffusion
pathways in Cu-DBC. Two diffusion pathways of Na+ were
considered (Fig. 5c). Path 1 corresponds to intra-layer diffusion
along the y-axis, exhibiting a theoretical diffusion energy barrier
) Na+ storage behaviour of Cu-DBC. (c) Na+ migration pathways and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) GCD profiles, (b and d) cycling stability, and (c) rate capability of the Cu-DBC cathode with a high active material ratio of 80 wt%.
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of 1.47 eV. Path 2 shows a considerably lower diffusion energy
barrier of 0.27 eV, corresponding to inter-layer diffusion along
the z-axis. It is obvious that Path 2 was the optimal pathway for
Na+ ion diffusion in Cu-DBC. The low diffusion barrier of Path 2
facilitates the rapid diffusion of Na+, which greatly contributes
to the excellent rate capability exhibited by the Cu-DBC cathode.

Due to the excellent characteristics of this interpenetrating
Cu-DBC, the electrochemical properties of a Cu-DBC cathode
consisting of a high electrode material ratio of 80 wt% were
investigated, which is rare among common organic electrodes.
The GCD proles at 0.05 A g−1 showed that Cu-DBC could
achieve a discharging capacity of 104.4 mA h g−1 (Fig. 6a).
Moreover, Cu-DBC shows a capacity fade of 27.5% aer 100
cycles at 0.1 A g−1 (Fig. 6b). It is important to note that aer 1100
cycles at 1.0 A g−1, Cu-DBC provides a specic capacity of
37 mA h g−1 with 33% capacity fade, maintaining a coulombic
efficiency of 100% (Fig. 6d). Moreover, the rate performance
evaluation of Cu-DBC demonstrated remarkable electro-
chemical reversibility. Specically, when returned to 0.1 A g−1,
the discharging capacity of Cu-DBC recovers to 81.5 mA h g−1,
corresponding to a noteworthy capacity retention (90%), indi-
cating an impressive rate performance (Fig. 6c).

Conclusions

In summary, we have reported an interpenetrating 3D c-MOF, Cu-
DBC, with high ionic diffusivity and electrical conductivity as
a long-lifetime cathode for SIBs. Cu-DBC possesses greater
interlayer space and an expanded conjugated structure that could
provide fast diffusion and transmission channels for ions and
electrons, respectively. Charging a half-cell including a Cu-DBC
© 2025 The Author(s). Published by the Royal Society of Chemistry
cathode to 77 mA h g−1 capacity requires only 56 seconds,
achieving a specic power density of 11 000W kg−1. Additionally,
the Cu-DBC cathode exhibits exceptional cycling stability at
2 A g−1, as it can be cycled more than 4000 cycles without
signicant capacity degradation. In light of the experimental
characterizations and DFT calculations, the Na+ storage in Cu-
DBC is primarily attributed to sequential redox reactions that
occur in the [CuO4] active centers. In addition, Cu-DBC cathode
was also subjected to extreme temperatures to further demon-
strate its practicality. These results indicate that both conjugation
and contortion play pivotal roles in improving the electro-
chemical performance of 2D-cMOFs, and provide insight into the
design of long-life c-MOFs for energy storage applications.
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