
Conductive MOF on ZIF-Derived Carbon Fibers as Superior Anode in
Sodium-Ion Battery
Hongmei Dai, Yue Xu,* Yongchao Han, Shixiong Sun, Xiaolin Zhang, Fangyu Xiong, Chao Huang,
Chun Fang,* Jiantao Han, and Paul K. Chu

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 29170−29177 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Superior specific capacity, high-rate capability, and long-term cycling stability are
essential to anode materials in sodium-ion batteries, and conductive metal−organic frameworks
(cMOF) with good electronic and ionic conductivity may satisfy these requirements. Herein,
conductive neodymium cMOF (Nd-cMOF) produced in situ on the zeolitic imidazolate framework
(ZIF)-derived carbon fiber (ZIF-CFs) platform is used to synthesize the Nd-cMOF/ZIF-CFs
hierarchical structure. Four types of ZIFs with different pore diameters are prepared by
electrospinning. In this novel structure, ZIF-CFs provide the electroconductivity, flexible porous
structure, and mechanical stability, while Nd-cMOF provides the interfacial kinetic activity,
electroconductivity, ample space, and volume buffer, consequently giving rise to robust structural
integrity and excellent conductivity. The sodium-ion battery composed of the Nd-cMOF/ZIF-10-
CFs anode has outstanding stability and electrochemical properties, such as a specific capacity of
480.5 mAh g−1 at 0.05 A g−1 as well as capacity retention of 84% after 500 cycles.
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■ INTRODUCTION
Sodium-ion batteries (SIBs) are attractive owing to the low
cost and abundance of Na compared to lithium,1−5 and
electrodes with a high capacity and long-term cycling
characteristics are key to the development of SIBs. However,
owing to the sluggish Na+ insertion/extraction efficiency, it is a
great challenge to fulfill the increasing demand for the rate
capability and specific capacity.6−10 Much effort has been
devoted to designing anode materials for sodium-ion
batteries.11−17 Unfortunately, metal alloy anodes suffer from
pulverization during alloying/dealloying, leading to detach-
ment of the active materials and deteriorated cyclability.18−20

Transition metal sulfides are often plagued by low electronic
conductivity, relatively high working potential, and large
hysteresis of discharging/charging voltages, which adversely
affect the energy density and efficiency.21−23 Silicon anodes
have disadvantages such as small surface area, slow charge
transfer kinetics, and low electron conductivity,24,25 and hard
carbon materials are hampered by the low capacity and inferior
Coulombic efficiency.26−28 Therefore, it is still an enormous
challenge to design desirable anode materials for sodium-ion
batteries.
Metal−organic frameworks (MOFs) which offer adjustable

pore size, versatile functionality, and large surface area are
suitable for applications such as separation,29,30 energy
storage,31,32 sensing,33,34 and release of guest molecules.35,36

In particular, conductive MOFs (cMOFs) have high electrical
conductivity and porosity,37−39 which bode well for anode

materials in SIBs owing to the tunable structure, abundant
reaction sites, and ample voids to buffer the volume change.
However, cMOFs-based electrodes have low mechanical
strength and the synthesis is complex. Depositing cMOF on
a robust substrate is a viable strategy, and porous carbon
materials for the formation of ZIF precursors can provide the
optimal and flexible porous structure with mechanical stability.
The pore size of carbon can be adjusted by selecting a ZIF with
the proper size, and so ZIF-derived carbon fibers can improve
the mechanical strength of cMOFs.40

Herein, a new cMOF is designed and fabricated with Nd
(Ln atom) and 2,3,6,7,10,11-hexaaminotriphenylene (HATP)
as the building block. The f-orbitals of Ln atoms participate in
bonding and electronic delocalization41−44 to enhance the
electronic conductivity (delocalization and itinerant of
electrons improving the conductivity) and stability.45,46 The
cMOF is prepared on the surface of ZIF-CFs with ample and
flexible pores to produce Nd-hierarchical cMOF/ZIF-CFs
(Figure 1A). ZIF-1, ZIF-3, ZIF-10, and ZIF-70 with pore
diameters of 0.69, 0.82, 1.2, and 1.4 nm are mixed individually
with polyacrylonitrile (PAN) to fabricate ZIF-derived carbon
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fibers denoted as Nd-cMOF/ZIF-1-CF, Nd-cMOF/ZIF-3-CF,
Nd-cMOF/ZIF-10-CF, and Nd-cMOF/ZIF-70-CF. The Nd-
cMOF/ZIF-10-CF anode show the best properties, such as a
specific capacity of 450.3 mAh g−1 at 100 mA g−1 as well as
retention of 84% after 500 cycles.

■ EXPERIMENTAL SECTION
All the chemicals were purchased directly and used without further
purification. Neodymium trichloride hexahydrate (NdCl3·6H2O,
Sinopharm Chemical Reagent Co., Ltd., 99.0%), 2,3,6,7,10,11-
hexaiminotriphenylene hexahydrochloride (HATP·6HCl, Jilin Chi-
nese Academy of Sciences-Yanshen Technology Co., Ltd., 99.0%),
triethylamine ((C2H5)3N, Sinopharm Chemical Reagent Co., Ltd.,
99.0%), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Sinopharm
Chemical Reagent Co., Ltd., 99.0%), imidazole (H-IM, Sinopharm
Chemical Reagent Co., Ltd., 99.0%), 2-nitroimidazole (C3H3N3O2,
Sinopharm Chemical Reagent Co., Ltd., 99.0%), N,N-dimethylforma-
mide (DMF, Sinopharm Chemical Reagent Co., Ltd., 99.0%), 1-
methyl-2-pyrrolidinone (NMP, Sinopharm Chemical Reagent Co.,
Ltd., 99.0%), methanol, and acetone were purchased from China
National Medicines Corporation Ltd. Polyacrylonitrile (PAN, Mw =
230,000) was supplied by Aladdin Chemical Reagent Ltd.

Synthesis of Nd-cMOF. 6.0 mg of NdCl3·6H2O, 10.0 mg of
HATP·6HCl, and 15.0 mL of deionized water were mixed in a 20 mL
Pyrex vial, and 0.5 mL of triethylamine was added dropwise. The
mixture was heated for 4 days at 85 °C, centrifuged, and washed in
deionized water. Afterward, the product was refluxed in acetone for
another 2 h and vacuum-dried at 60 °C.

Synthesis of ZIFs. ZIF-1 was synthesized according to a protocol
described in the literature.47 Briefly, Zn(NO3)2·4H2O (90 mg, 0.344
mmol) and H-IM (150 mg, 2.2 mmol) were dissolved in 18 mL of
DMF in a 20 mL glass bottle. The mixture was heated in an autoclave

at 85 °C for 24 h to yield a colorless precipitate. The product was
washed with fresh DMF 3 times and dried in air.

ZIF-3 was synthesized as described previously.48 Zn(NO3)2·4H2O
(10 mg, 0.0382 mmol) and H-IM (30 mg, 0.441 mmol) were
dissolved in a solution of DMF (3 mL) and NMP (1 mL). The
mixture was heated to 85 °C for 4 h. The crude product was purified
with DMF 3 times and vacuum-dried at 120 °C for 12 h to form the
activated ZIF-3.

ZIF-10 was synthesized as described previously.49 Briefly, Zn-
(NO3)2·4H2O (10 mg, 0.0382 mmol) and H-IM (30 mg, 0.441
mmol) were dissolved in 3 mL of DMF in a 4 mL vial and heated to
85 °C for 4 d in an autoclave to form small crystals. After cooling
naturally to room temperature, the suspension was washed with a
mixture of deionized water and ethanol three times and dried.

ZIF-70 was synthesized as described in the literature with slightly
modification.50 Zn(NO3)2·4H2O (0.45 g), 2-nitroimidazole (5.5 g),
and imidazole (5.5 g) were mixed and stirred at room temperature,
capped, and heated to 110 °C for 4 days. The powders were washed
with DMF (3 × 30 mL), immersed in ethanol for 3 days, and then
vacuum-dried at room temperature for 12 h.

Preparation of ZIF-Derived Carbon Films (ZIF-CFs). Carbon
film was synthesized through electrospinning steps as described in
previous literature.51 A mixture of ZIF powder (0.6 g) and PAN (0.2
g) were dispersed in 3 mL of DMF and stirred for 3 h. In addition, the
remaining PAN (0.2 g) was added to form a uniform mixed ZIF/PAN
solution with 60 wt % ZIF load. The ZIF/PAN solution was
electrospun onto the aluminum foil substrates at 12 kV. The flow rate
was conducted at 1 mL/h, and the spinneret diameter was 0.6 mm.
The distance between the collector and spinneret was maintained at
15 cm. In the preparation of ZIF-CF film for the sodium-ion battery,
the spinneret was shifted at a speed of 200 mm/min with a span of 40
mm to form a uniform layer on the aluminum foil support. The
electrospinning time was 120 min.

Figure 1. Schematic illustration of the synthesis of the Nd-cMOF/ZIF-CFs hierarchical structure: (A) self-assembling of Nd-cMOF on the ZIF-10-
CF surface; (B) a series of ZIFs with the same topographical features.
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The ZIF-CF nanofibers were put on the aluminum foil and dried in
vacuum at 70 °C for 24 h. The films were heated in air at 220 °C for 1
h and then at 1200 °C for 5 h under flowing argon. The carbon films
were cropped into 12 mm diameter round electrodes for electro-
chemical performance test.

Synthesis of Nd-cMOF/ZIF-10-CF. ZIF-10-CF (150 mg) fibers
were added into a 15 mL mixture of NdCl3·6H2O (6.0 mg), HATP·
6HCl (10.0 mg), and triethylamine (0.5 mL) in a Pyrex bulb. The
reactants were heated to 85 °C for 4 days to form Nd-cMOF/ZIF-10-
CF. The product was rinsed with methanol several times until the
solution was clear and then dried at 60 °C. The synthesis steps of Nd-
cMOF/CF were the same as those described above except that ZIF-
10-CF was replaced by CF.

Synthesis of Nd-cMOF/ZIF-1-CF. ZIF-1-CF (150 mg) fibers
were immersed into a 15 mL solution containing NdCl3·6H2O (6.0
mg), HATP·6HCl (10.0 mg), and triethylamine (0.5 mL) in a vial.
The raw materials were heated to 85 °C for 4 days to generate Nd-
cMOF/ZIF-1-CF. The produced was rinsed with methanol several
times until the solution was clear and then dried at 60 °C.

Synthesis of Nd-cMOF/ZIF-3-CF. ZIF-3-CF (150 mg) fibers
were added into a 15 mL mixture containing NdCl3·6H2O (6.0 mg),
HATP·6HCl (10.0 mg), and triethylamine (0.5 mL) in a Pyrex glass
bottle. The crude materials were heated to 85 °C for 4 days to form
Nd-cMOF/ZIF-3-CF. The product was rinsed with methanol several
times until the solution was clear and then dried at 60 °C.

Synthesis of Nd-cMOF/ZIF-70-CF. Mix ZIF-70-CF (150 mg)
fibers with NdCl3·6H2O (6.0 mg), HATP·6HCl (10.0 mg), and
triethylamine (0.5 mL) in a 15 mL solution in a Pyrex vial. The

mixture was heated to 85 °C for 4 days to form Nd-cMOF/ZIF-70-
CF. The produced was rinsed with methanol several times until the
solution was clear and then dried at 60 °C.

Synthesis of Nd-cMOF/CF. The synthesis steps of Nd-cMOF/
CF were the same as those described above except that ZIF-X-CF was
replaced by CF.

Synthesis of CF. 0.50 g of PAN was added into 3 mL of DMF and
stirred for 3 h to form a uniformly dispersed PAN solution. The PAN
solution was electrospun onto the aluminum foil substrates at a
voltage of 12 kV. The flow speed was executed at 1 mL/h, while the
spinneret diameter was set at 0.6 mm. The distance between the
collector and spinneret was maintained at 15 cm. In the preparation of
CF film for the sodium-ion battery, the spinneret was shifted at a
speed of 200 mm/min with span of 40 mm to form a uniform layer on
the nonwoven support. The electrospinning time was 120 min.

Electrochemical Characterization. To evaluate the electro-
chemical properties, the Nd-cMOF/ZIF-CFs served as the self-
standing working electrode. In the CR2023 coin-type half-cell, a
sodium foil was the counter electrode and 1 M NaPF6 in a 50:50 (w/
w) mixture of ethylenecarbonate and diethylcarbonate with 5%
fluoroethylene carbonate was the electrolyte. The Whatman GF/F
glass fiber membrane was the separator, and the test was conducted in
an argon glovebox. The rate capability was determined at rates of
0.05, 0.2, 1, 5, and 10 Ah g−1 at 25 °C. Cyclic voltammetry (CV) was
carried out among 0 and 3 V, and electrochemical impedance
spectroscopy (EIS) was executed for different cycles at frequencies
from 0.01 Hz to 100 kHz on a Princeton electrochemical workstation.
Na3V2(PO4)3 was the active material in the cathode for the full-cell.

Figure 2. (A) Structure of Nd-cMOF displaying the crystallographic pore diameter (left) and layer stacking (right: Black, C; navy blue, N; light
salmon, Nd. Hydrogen atoms are omitted for clarity; (B) PXRD pattern of Nd-cMOF; (C) HR-TEM image of Nd-cMOF/ZIF-10-CF, scale bar, 3
nm; (D) Electron diffraction pattern of Nd-cMOF; (E) PXRD patterns of Nd-cMOF/ZIF-10-CF (red), Nd-cMOF/ZIF-70-CF (orange), Nd-
cMOF/ZIF-3-CF (yellow), and Nd-cMOF/ZIF-1-CF (green); (F) SEM image of Nd-cMOF/ZIF-10-CF, scale bar, 500 nm; (G) Image of Nd-
cMOF/ZIF-10-CF, scale bar, 2 μm; (H) N2 isotherm of Nd-cMOF/ZIF-10-CF at 77 K. The solid and open symbols represent the adsorption and
desorption balance, respectively.
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The three components of Na3V2(PO4)3, super P, and PVDF dissolved
in NMP solution were mixed with a mass ratio of 7:2:1. The slurry
was coated on copper foil and then dried overnight to obtain the
electrode plate to form the cathode with an active mass loading of 1−
2 mg cm−2.

Instruments and Methods. The powder X-ray diffraction
(XRD) patterns were tested on a Rigaku Smartlab using Cu Kα
radiation (45 kV, 40 mA) at room temperature with a scanning rate of
4°/min. High resolution transmission electron microscopy (HRTEM)
images were obtained on the JEM-2010F field-emission TEM
equipped with a CEOS postspecimen spherical aberration corrector
(CS corrector) at 120 kV. Infrared (IR) spectroscopy was performed
on the Nicolet NEXUS670 IR, and the SEM images were collected on
the JEOL JSM-6701F scanning electron microscope with the SEI and
LEI detectors at 5−10 kV. The elemental distributions were
determined by energy-dispersive X-ray spectrometry (EDS), and
thermogravimetric analysis (TGA) was performed on the TA
Instruments Q-500 series thermal gravimetric analyzer at a constant
heating rate of 12 °C/min. The N2 sorption isotherms were executed
on the surface area and pore size analyzer (Quantachrome Autosorb-
1) after the sample was degassed under vacuum atmosphere at 100 °C
for 24 h.

■ RESULTS AND DISCUSSION
cMOF (Nd-cMOF) with a pore diameter of 21.5 Å and layer
stacking of 3.0 Å is prepared (Figure 2A) by a reported
protocol with minor modification.52 The f-orbitals of Ln atoms
participate in bonding and electronic delocalization to enhance
the electronic conductivity and stabilize the materials. The
powder X-ray diffraction (PXRD) spectrum of Nd-cMOF
matches the simulated one demonstrating successful synthesis
of the framework, and the peaks at 4.6°, 8.0°, 13.9°, and 16.2°
can be indexed to the [100], [110], [211], and [202] planes of
Nd-cMOF (Figure 2B), respectively. The high resolution
transition electron microscopy (HRTEM) image of Nd-cMOF
shows a thin film morphology with distinct lattice fringes of
approximately 3.1 Å consistent with the simulated structure
along the [010] plane of the crystal (Figures 2A and 2C). The
electron-diffraction pattern confirms high crystallization of Nd-
cMOF (Figure 2D). Four ZIFs (ZIF-1, ZIF-3, ZIF-10, ZIF-70)
with pore diameters of 0.69, 0.82, 1.2, and 1.4 nm are mixed
with polyacrylonitrile (PAN), respectively, to form ZIF-1-CF,
ZIF-3-CF, ZIF-10-CF, and ZIF-70-CF by electrospinning.53,54

To synthesize Nd-cMOF/ZIF-CFs, 2,3,6,7,10,11-hexaamino-
triphenylene hexahydrochloride (HTPA), neodymium tri-
chloride hexahydrate, and ZIF-derived carbon fibers are

Figure 3. (A) Cyclic stability of the Nd-cMOF/ZIF-10-CF (red), Nd-cMOF/CF (purple), ZIF-10-CF (green), and CF (black) electrodes; (B) rate
capabilities of Nd-cMOF/ZIF-10-CF (red), Nd-cMOF/CF (purple), ZIF-10-CF (green), and CF (black) electrode; (C) initial discharging−
charging curves of the Nd-cMOF/ZIF-10-CF (red), Nd-cMOF/CF (purple), ZIF-10-CF (green), and CF (black) electrodes after 500 cycles at a
current density of 100 mAg−1; (D) impedance plots of Nd-cMOF/ZIF-10-CF (red), Nd-cMOF/CF (purple), ZIF-10-CF (green), and CF (black);
(E) CV curves of the Nd-cMOF/ZIF-10-CF electrode for the first five cycles; (F) cycling properties of the Nd-cMOF/ZIF-10-CF electrode at
different rates.
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mixed in an aqueous solution and stirred vigorously to form a
homogeneous solution under ambient conditions. Triethyl-
amine is added dropwise, capped in a Pyrex vial, and heated to
85 °C for 4 days to produce the solid product. Owing to the
abundant ammonium ions in the building blocks of HTPA, the
cMOF can be deposited on the ZIF-derived carbon fiber
uniformly through hydrogen and π−π bonds. The powder X-
ray diffraction (PXRD) pattern of Nd-cMOF/ZIF-CFs
matches the simulated one, corroborating successful synthesis.
The peaks at 4.6°, 8.0°, 13.9°, and 16.2° can be indexed to the
[100], [110], [211], and [202] planes of Nd-cMOF, and the
carbon peak at 24° corresponds to the {002} plane of graphite,
revealing synthesis of Nd-cMOF/ZIF-CFs (Figure 2E). SEM
reveals a double-layer film on Nd-cMOF/ZIF-10-CF (Figure
2F), and the Nd-cMOF film with a thickness of 50 nm grows
uniformly on the ZIF-10-CF film with a thickness of 500 nm.
The ZIF-CFs appear black, and Nd-cMOF is a uniform and
dense brown film (Figure 2G and Figure S9). Uniform
deposition facilitates storage of Na+ and electron transport due
to the effects of voids and high mechanical strength. N2
adsorption is investigated to evaluate the porosity of Nd-
cMOF/ZIF-CFs at 77 K, and the Brunauer−Emmett−Teller
(BET) area is enlarged to 470 m2/g (Figure 2H). EDS
discloses prominent peaks of Nd and N with Nd/N being
1.1:4, which is consistent with the structure of Nd-cMOF/ZIF-
10-CF with an Nd/N ratio of 1:4 (Figure S10).
The electrochemical properties of CF, ZIF-10-CF, Nd-

cMOF/CF, and Nd-cMOF/ZIF-10-CF at 100 mA g−1 are
presented in Figure 3A and Figure S11. The initial discharging
capacities of CF, ZIF-10-CF, Nd-cMOF/CF, and Nd-cMOF/
ZIF-10-CF are 285.5, 301.5, 399.5, and 480.5 mAh g−1,
respectively. The Nd-cMOF/ZIF-10-CF electrode keeps a high
capacity of 409 mAh g−1 after 500 cycles, whereas Nd-cMOF/
CF only shows 335.7 mAh g−1 after 500 cycles, implying that
Nd-cMOF/ZIF-10-CF is superior to Nd-cMOF/CF as anode
material. In comparison, the electrodes of bare ZIF-10-CF and

CF have low capacities of 301.2 and 251.5 mAh g−1,
respectively. The discharging capacities increase gradually in
the order Nd-cMOF/ZIF-1-CF < Nd-cMOF/ZIF-3-CF < Nd-
cMOF/ZIF-10-CF, possibly due to the different pore
diameters of ZIFs. The results show that ZIF-CFs with a
large pore diameter deliver better performance. However, the
discharging capacity of Nd-cMOF/ZIF-70-CF is smaller than
that of Nd-cMOF/ZIF-10-CF, indicating an excessively large
pore diameter (pore diameter of ZIF-70 is 1.4 nm and bigger
than the 1.2 nm of ZIF-10) may collapse the ZIF platform after
carbonization. ZIF-10-CF has the optimal structure (Figure
S12). Figure S13 shows galvanostatic discharging−charging
curves of the Nd-cMOF/ZIF-10-CF electrode for different
cycles at 100 mA g−1. Figure S14 indicates the structural
integrity of the Nd-cMOF/ZIF-10-CF electrode was retained
after 500 cycles.
Figure 3B shows the rate characteristics of the four samples.

The Nd-cMOF/ZIF-10-CF electrode shows specific capacities
of 480.5, 395.1, 355.2, 245.5, and 165.2 mAh g−1 at current
densities of 0.05, 0.2, 1.0, 5.0, and 10.0 A g−1, respectively. A
specific capacity of 468.3 mAh g−1 can be regained when the
current is reinstall to 0.05 A g−1. In comparison, the Nd-
cMOF/CF electrode has specific capacities of 405.6, 304.8,
260.5, 145.5, and 101.5 mAh g−1 at current densities of 0.05,
0.2, 1.0, 5.0, and 10.0 A g−1, respectively, and a specific
capacity of 403.5 mAh g−1 can be retrieved when the current is
reinstalled to 0.05 A g−1. The rate characteristics of the blank
CF and ZIF-10-CF are inferior to those of the Nd-cMOF/ZIF-
10-CF electrode (Figure 3B). The results reconfirm that Nd-
cMOF/ZIF-10-CF is better than CF, ZIF-10-CF, and Nd-
cMOF/CF.
Figure 3C shows the first cycle of the charging/discharging

curves of the four samples at 100 mA g−1. The electrochemical
properties of Nd-cMOF/ZIF-10-CF are better than those of
CF, ZIF-10-CF, and Nd-cMOF/CF. Without the support of
ZIF-10-CF, Nd-cMOF in Nd-cMOF/CF lacks the confine-

Figure 4. Electrochemical measurements of the NVP@Nd-cMOF/ZIF-10-CF full cell: (A) schematic illustration of the SIB full-cell; (B) rate
capability of NVP@Nd-cMOF/ZIF-10-CF from 100 mA g−1 to 4 A g−1; (C) initial charging−discharging curves of NVP@Nd-cMOF/ZIF-10-CF
at different current densities; (D) cyclic stability of NVP@Nd-cMOF/ZIF-10-CF at different current densities.
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ment effects of the ZIF-10-CF platform, leading to likely
aggregation, pulverization, and detachment during repeated
sodiation/desodiation. As for the bare CF and ZIF-10-CF
electrodes, the poorer performance probably stems from the
lack of interfacial active sites and voids.
Figure 3D shows the electrical conductivity of the four

electrodes. The impedance plots reveal a depressed semicircle
in the high-frequency region corresponding to the charge
transfer process and the sloping straight line in the low-
frequency region corresponds to the mass transfer process. The
charge transfer resistances of CF, ZIF-10-CF, Nd-cMOF/CF,
and Nd-cMOF/ZIF-10-CF are 62 Ω, 58 Ω, 45 Ω, and 21 Ω,
respectively. The larger conductivity confirms the advantages
of of Nd-cMOF supported by ZIF-10-CF. Figure 3E,F shows
the high cycling stability of Nd-cMOF/ZIF-10-CF, and Figure
3E displays the CV curve of Nd-cMOF/ZIF-10-CF in the first
five cycles. In the first reduction process, the two small
reduction peaks at 1.32 and 1.51 V are related to electrolyte
decomposition on the different active surface sites of the
electrode leading to the formation of a solid-electrolyte
interphase (SEI). In the subsequent four cycles, no remarkable
change can be observed, illustrating good cycling stability and
reversibility. The cycling characteristics of Nd-cMOF/ZIF-10-
CF at different current densities are showed in Figure 3F,
which reveals retained capacities of 409, 356, 280, 220, 175,
and 102 mA h g−1 at current densities of 100 mA g−1, 500 mA
g−1, 1 A g−1, 3 A g−1, 5 A g−1, and 10 A g−1 after 500 charging−
discharging cycles, thereby concretely demonstrating the high
capacity and superior cycling stability.
Owing to the superior properties of the Nd-cMOF/ZIF-10-

CF electrode in the half-cell, the NVP@Nd-cMOF/ZIF-10-CF
full cell is assembled with the NVP cathode and Nd-cMOF/
ZIF-10-CF anode to assess the full-cell electrochemical
performance and practicability (Figure 4A). The rate graphs
from 0.1 to 4 A g−1 show that the specific capacity at 0.1 A g−1

is about 93 mA h g−1, and at a high rate of 4 A g−1, the cell still
possesses a capacity of 23 mA h g−1 (Figure 4B). Figure 4C
shows the initial charging and discharging curves of the NVP@
Nd-cMOF/ZIF-10-CF full cell at different current densities in
the voltage range of 0−3.0 V. The active mass loadings of the
cathode and anode are 3−4 and 1−2 mg cm−2. The cycling
characteristics of NVP@Nd-cMOF/ZIF-10-CF at different
current densities in Figure 4D show that the retained capacities
are 86.1, 72.3, 62.3, 41.3, and 23.5 mA h g−1 at current
densities of 100 mA g−1, 500 mA g−1, 1 A g−1, 2 A g−1, and 4 A
g−1 after 500 charging−discharging cycles, corroborating the
high capacity and superior cycling stability. The negative/
positive capacity ratio (N/P ratio) is 1.03, and the inset in the
figure shows that one coin-type full cell can power the bulbs
adequately.

■ CONCLUSION
Nd-cMOF is prepared in situ on porous carbon with the ZIF
precursors, and different structures of Nd-cMOF/ZIF-CFs are
fabricated to assess the conductivity and other properties. As
anodes in sodium-ion batteries, the materials show outstanding
capacity, long cycling stability, and excellent rate character-
istics. For example, Nd-cMOF/ZIF-10-CF has a reversible
capacity of 409 mAh g−1 at a current density of 0.1 A g−1 after
500 cycles. The excellent sodium storage properties of the Nd-
cMOF/ZIF-10-CF electrode can be attributed to the
combined effects of Nd-cMOF and ZIF-10-CF platform.
ZIF-10-CF provides the electroconductivity, flexible porous

structure, and mechanical stability, while Nd-cMOF provides
the interfacial kinetic activity, electroconductivity, ample space,
as well as volume buffer. The results provide insights into the
design and preparation of progressive anode materials for
sodium-ion batteries.
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Figure S1. (a) Picture of the synthesized Nd-cMOF and (b) Molecular formula of

Nd-cMOF.

Figure S2. PXRD of as prepared ZIF-1 (red) and simulated ZIF-1(black)[1].
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Figure S3. PXRD of ZIF-3 (red) and simulated ZIF-3 (black)[2].

Figure S4. PXRD of ZIF-10 (red) and simulated ZIF-10 (black)[3-5].
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Figure S5. PXRD of as ZIF-70 (red) and simulated ZIF-70 (black)[6].

Figure S6. (a) Topological structure of ZIF-1, ZIF-3, ZIF-10 and ZIF-70 and (b)

Schematic showing the synthesis of ZIF-CF by wet spinning.
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Figure S7. Spun membranes of (a) ZIF-1-CF, (b) ZIF-3-CF, (c) ZIF-10-CF, and (d)

ZIF-70-CF.

Figure S8. Image of Nd-cMOF/ZIF-10-CF.
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Figure S9. Images of Nd-cMOF/ZIF-1-CF(a), Nd-cMOF/ZIF-3-CF(b),

Nd-cMOF/ZIF-70-CF (c). scale bar, 2ｕm.

Figure S10. EDS spectra of Nd-cMOF/ZIF-10-CF.
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The initial charging capacities of CF, ZIF-10, Nd-cMOF/CF, and

Nd-cMOF/ZIF-10-CF are 240.1, 295.5, 385.2, and 470.5 mAh g-1, respectively. The

Nd-cMOF/ZIF-10-CF electrode maintains a high capacity of 407.6 mAh g-1 after 500

cycles, whereas Nd-cMOF/CF only shows 335.1 mAh g-1 after 500 cycles, implying

that Nd-cMOF/ZIF-10-CF is superior to Nd-cMOF/CF as anode materials. In

comparison, the electrodes of bare ZIF-10-CF and CF have low capacities of 295.4

and 220.2 mAh g-1, respectively. The charging capacities increase gradually in the

order of Nd-cMOF/ZIF-1-CF < Nd-cMOF/ZIF-3-CF < Nd-cMOF/ZIF-10-CF,

possibly due to the different pore diameters of ZIFs. The results showed that

ZIF-10-CFs with a large pore diameter deliver better performance. However, the

charging capacity of Nd-cMOF/ZIF-70-CF is lower than that of Nd-cMOF/ZIF-10-CF,

indicating an excessively large pore diameter (pore diameter of ZIF-70 is 1.4 nm and

bigger than 1.2 nm of ZIF-10) may collapse the ZIF platform during carbonization.

Figure S11. Cyclic stability of the Nd-cMOF/ZIF-10-CF (red), Nd-cMOF/CF (purple),

ZIF-10-CF (green), and CF (black) electrodes.
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Figure S12. Cycling properties of Nd-cMOF/ZIF-10-CF (yellow),

Nd-cMOF/ZIF-70-CF (purple), Nd-cMOF/ZIF-3-CF (green), and Nd-cMOF/ZIF-1-

CF (red) electrodes at a current density of 100 mA g-1.

Figure S13. Galvanostatic discharging-charging curves of the Nd-cMOF/ZIF-10-CF

electrode for different cycles at 100 mA g−1.
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Figure S14. PXRD patterns of Nd-cMOF/ZIF-10-CF for precycle (black) and after

500 cycles (red).

Figure S15. Discharge-charge curves of Nd-cMOF/ZIF-70-CF, Nd-cMOF/ZIF-10-CF,

Nd-cMOF/ZIF-3-CF and Nd-cMOF/ZIF-1-CF electrode materials.
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Diffusion coefficient of sodium ions (DNa) can be obtained according to the following

equations:

i=RT/nFRct (1)

DNa=R2T2/2A2n4F4CNa2δ2 (2)

where R is the gas constant, T is the absolute temperature (298.15 K), A is the surface

area of the cathode (1.5 cm-2), n is the number of electrons per molecule during

oxidation, F is the Faraday constant, CNa is the concentration of the sodium ion in the

electrode, and δ is the Warburg coefficient which is related to Z′:

Z′=Rc+Rct+δω-1/2 (3)

where ω is the angular frequency in the low frequency region, both RC and Rct are

kinetics parameters independent of frequency, so δ is the slope for the plot of Z′

versus the reciprocal square root of the lower angular frequencies (ω−1/2). To obtain

the Warburg coefficient (δ), the linear fitting of Z′ versus ω−1/2 is shown in Figure S15.

All the parameters are listed in Table S1.

Figure S16. Relationship between Z′ and ω-1/2 in the low frequency region of

Nd-cMOF/ZIF-10-CF, Nd-cMOF/CF, ZIF-10-CF, and CF electrodes.
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Table S1. EIS parameters of Nd-cMOF/ZIF-10-CF, Nd-cMOF/CF, ZIF-10-CF, and

CF electrodes.

Sample Rct (Ω ) δ (Ω s1/2) i (mA cm-2) DNa ( cm2 s-1)
Nd-cMOF/ZIF-10-CF 21 25.21 1.18 3.3*10-11

Nd-cMOF/CF 45 30.12 0.71 2.1*10-11
ZIF-10-CF 58 35.24 0.46 1.8*10-11

CF 62 42.25 0.35 1.2*10-11

Figure S17. Galvanostatic charging-discharging curves of NVP at 1 C (1 C=117 mA

g-1).
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