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Engineering the modulation of the active sites and
pores of pristine metal—-organic frameworks for
high-performance sodium-ion storagef

Wei Shuang, Ya Wang, Fuyou Chen, Yujun Wu, Zhengyu Bai* and Lin Yang = *

Metal—-organic framework materials have numerous significant merits for use as electrodes in sodium-ion
batteries, such as multiple active sites and porous structures. However, the masked active sites and pores
limit their performances. Herein, we rationally selected Ni-HHTP (HHTP = 2,3,6,7,10,11-hexahydroxytri-
phenylene) with a stable structure, and adopted thermal treatment prior to its carbonization to open
blocked pores and expose multiple active sites. As expected, after thermal treatment at a low temperature
of 250 °C, the obtained Ni-HHTP-250 sample still retained the intrinsic crystal skeleton and crystal type,
and exposed more actives sites and pores than those of pristine Ni-HHTP. The obtained Ni-HHTP-250 as
an electrode material for sodium-ion batteries exhibits a large reversible discharge capacity of 420 mA h
glat 0.1 A g7t along with a fine rate capability of 200 mA h g™t at 2.0 A g~%. Mechanism studies show
that both the Ni ions and organic ligands in the Ni-HHTP-250 sample are active sites. The H,O molecules
and the —OH subgroups in the pores masking the active site can be removed after heat treatment. Hence,
the excellent electrochemical performance is largely due to the open porous structure and exposed
active sites, resulting in rapid Na* diffusion and relatively high electronic conductivity. This work offers an
innovative idea for preparing high-performance electrodes of metal-ion batteries.

exhibit inferior electrochemical performance in SIBs because
of the fact that the radius of sodium ions (~1.02 A) is larger

With the wide application of clean energy, the global market
demand for energy storage is facing a rapid increase. In recent
years, among many large-scale energy storage technologies,
electrochemical energy storage based on battery technology
has rapidly developed." Since lithium-ion batteries (LIBs) first
commercialized in 1991, rechargeable LIBs have occupied the
main market of secondary batteries due to their high energy
density and long life.> However, with the continuous depletion
of lithium resources and the increasing price of LIBs in the
near future,®® developing other batteries with high energy and
low cost is very urgent. In contrast, sodium is rich in resources
and low-cost on the earth.” In addition, LIBs and sodium-ion
batteries (SIBs) show the same working principle.® Therefore,
SIBs are the most appropriate substitutes to LIBs.
Unfortunately, most advanced electrode materials in LIBs
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than that of lithium ions (~0.68 A).° Hence, it is very critical to
explore appropriate electrodes for the application of SIBs.
Metal-organic frameworks (MOFs), as inorganic-organic
hybrid materials, are composed of metal nodes and organic
ligands through coordination bonds.'” MOFs have the
advantages of tunable porosities and compositions as well as
remarkable specific surface areas,"®* which enable the appli-
cation of MOFs extensively in gas adsorption and
separation,’>'® drug delivery,"” molecular sensing® and so on.
In recent years, MOFs and their derivatives have attracted great
attention for their applications in energy storage and
1920 However, in the SIB field, a small number of
MOFs have been used as electrodes.>** In contrast, MOF
derivatives are widely used in SIBs, such as carbon materials,>’
metal oxides,?® metal sulfides, phosphides, and selenides.*”°
Only a few pristine MOFs are used as electrodes for SIBs
because there are improvements in some aspects of MOFs: (1)
coordination bonds between metal ions and organic ligands
are needed to strengthen to increase the cycling stability; (2) it
is necessary to enhance the electronic conductivity to increase
the electrochemical activity and reaction kinetics; and (3) the
solvent molecules in channels and pores need to be removed
to expose clogged pores and active sites. In addition, the

conversion.
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mechanism of charge/discharge reaction remains to be
studied, for example, whether metal ions participate in the
redox reaction, and what role do organic ligands play. Thus,
there is an urgent need to obtain MOFs with strong coordi-
nation bonds and opened pores. Furthermore, it is necessary
to enhance the electronic conductivity and to understand the
reaction mechanism.

Integration of the high stability, high electronic conduc-
tivity and high density of redox-active centers in MOFs is chal-
lenging but promising. By extending conjugation, the metal
and the ligands can form large delocalized systems to increase
the stability and conductivity of MOFs.>® Through post-treat-
ment (recombination with conductive materials and calcina-
tion below the carbonization temperature), the electrical con-
ductivity and stability of MOFs can be further enhanced, and
active sites can be exposed.®' In order to meet the above chal-
lenges, we used 2,3,6,7,10,11-HHTP as a ligand for construct-
ing Ni-HHTP as an electrode material in SIBs. The hydroxyl
groups in HHTP are conducive to forming robust coordination
bonds with Ni ions,** resulting in an increase of the orbital
overlap between Ni** and organic ligands, which not only can
facilitate charge transfer but also can boost effective charge
delocalization for energy storage. In order to open blocked
pores, expose plentiful active sites and strengthen the stability
of the structure, thermal treatment prior to decomposition was
performed. The heat treatment can make organic ligands stack
to different degrees. The stacking of organic ligands will result
in the appearance of large pores. The H,O molecules and the
—-OH subgroups occupying the pores can be removed after heat
treatment, as well as the stacking of organic ligands resulting
in larger pores, which will facilitate the exposure of active
sites.

The obtained Ni-HHTP-250 sample exhibits a remarkable
discharge capacity of 420 mA h g " at 0.1 A g”" along with a
good rate capability of 200 mA h g™ at 2.0 A g™ " and outstand-
ing cycling stability even at high rates. The studies of the
charge/discharge mechanism reveal that both the inorganic
metal ions and organic ligands are active sites, and the H,O
molecules in the pores and the -OH subgroups masking the
active site can be removed after heat treatment. Hence, the
remarkable electrochemical performance is largely due to the
open porous structure and exposed active sites, resulting in
rapid Na' diffusion and a relatively high electronic conduc-
tivity. This work offers a new idea for constructing MOFs with
a large number of active sites, enhanced electronic conduc-
tivity and stability for high-performance electrodes for metal-
ion batteries.

Experimental

Materials

Nickel acetate tetrahydrate (Ni(OAc),-4H,0O) was purchased
from Aladdin and 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP) was purchased from Macklin. All reagents were pur-
chased commercially and used without further purification.

This journal is © the Partner Organisations 2023
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Preparation of Ni-HHTP-250

Ni-HHTP was synthesized according to the reported methods.*?
Subsequently, the as-prepared Ni-HHTP MOF was annealed at
250 °C for 2 h under an argon atmosphere at 5 °C min™".

In a similar way, Ni-HHTP-160, Ni-HHTP-340 and Ni-
HHTP-500 were synthesized at 160 °C, 340 °C and 500 °C,

respectively.

Characterization

The crystal structures of these samples were determined by
powder X-ray diffraction (PXRD, Bruker D8 ADVANCE, Berlin
German) with a graphite monochromatized Cu Ka radiation
source (A = 0.15406 nm). The morphologies and structures of
the samples were characterized using a scanning electron
microscope (FESEM, Hitachi, SU8010, Japan) and a trans-
mission electron microscope (TEM, Hitachi, JEOL-JEM2100F).
The compositions and chemical states were determined using
an X-ray photoelectron spectroscopy spectrometer (XPS,
Thermo Scientific Escalab 220i-XL, Thermo Scientific, USA).
Fourier-transform infrared (FT-IR) spectra were obtained using
a FT-IR spectrometer (FTS-40). The Brunauer-Emmett-Teller
(BET) surface area and pore size distribution data were col-
lected by N, adsorption/desorption tests at 77 K using a
Micromeritics ASAP 2460. The mass loss was analyzed by ther-
mogravimetry with mass spectrometry (TG-MS, STA449F3-
QMS403D, Germany).

Electrochemical measurements

To prepare the working electrodes, the active material (Ni-
MOF, 70 wt%), Ketjen black (KB, 20 wt%), and polyvinylidene
fluoride (PVDF, 10 wt%) were mixed using N-methyl-2-pyrroli-
done (NMP) to form a uniform slurry. Then, the slurry was
coated on Cu foil and dried in a vacuum oven at 110 °C for
12 h. The thickness of the electrode on the Cu foil was about
150 pm and the mass loading of the Ni-MOF was about
0.8-1.2 mg cm™>. The Ni-MOF electrode, counter electrode
(sodium metal), current collectors (Cu foils), and separator
(Whatman GF/F) were used to assemble 2032 coin-type cells in
a glove box filled with an argon atmosphere (H,O and O, levels
<0.5 ppm). 1 M NaClO, dissolved in ethylene carbonate (EC)
and diethyl carbonate (DEC) (1:1 v/v) was used as the electro-
Iyte. Galvanostatic discharge/charge experiments were per-
formed using a LANDAT test system at room temperature in a
voltage range from 0.01 to 3.0 V at different current densities.
Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were performed using an electrochemical work-
station (CHI 660E). The scan rate of CV was from 0.1 to 1 mV
s~'. EIS measurements were conducted from 10> to 10~ Hz.

Results and discussion
Synthesis and characterization

The synthetic process of the Ni-HHTP-250 sample is shown in
Fig. 1. First, Ni-HHTP was synthesized through a hydrothermal
method.** As shown in Fig. 2b and c, the XRD patterns and
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Fig. 1 Synthetic diagram of the Ni-HHTP-250 sample.

FT-IR spectra show the successful synthesis of the Ni-HHTP
sample.*® In the FT-IR spectra (Fig. 2¢), compared with HHTP,
the new stretch at about 1625 cm™" in the Ni-HHTP sample is
assigned to C=0. During the coordination of metal ions and
organic ligands, a d-n conjugate is formed due to the redistri-
bution and delocalization of electrons, which in this case
forms C=0.%> The d-r conjugate can enhance the stability of
MOFs.*® Then, the Ni-HHTP sample was heated at 250 °C for
2 h under an Ar atmosphere to obtain the Ni-HHTP-250
sample.

The temperature of thermal treatment is based on TG-MS
(Fig. 2a). The temperature of thermal treatment is very impor-
tant for electrochemical performance. The mass loss in the
first step between 30 °C and 220 °C is attributed to the release
of hydroxyl groups and H,O molecules in the pores, showing
mass signals at 17 (m/z = 17, OH) and 18 (m/z = 18, H,0). The
removal of hydroxyl groups and water molecules in the pores
can expose clogged pores and active sites, which facilitates
their electrochemical performance as electrode material. The
CO, (m/z = 44) and C (m/z = 12) signal peaks are detected in
the second step between 370 °C and 550 °C, attributed to the
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carbonization of Ni-HHTP. According to the test results of
TG-MS, the Ni-HHTP sample was calcined below the carboniz-
ation temperature. The XRD results show that the Ni-
HHTP-250 sample almost retains the original crystal structure
of the Ni-HHTP sample. As seen from Fig. 2b, the diffraction
peaks at 4.7°, 9.3° and 12.3° of the Ni-HHTP-250 sample basi-
cally maintain the characteristic peaks of pristine Ni-HHTP,
indicating that the ab plane is stable. The peak intensity at
27.3° of the Ni-HHTP-250 sample is lower than that of pristine
Ni-HHTP due to the damage of the c-axis,”” which further
shortens the length of nanorods. Compared with pristine Ni-
HHTP, the FT-IR spectrum of the Ni-HHTP-250 sample shows
almost no changes (Fig. 2c). The results of XRD and FT-IR
spectroscopy suggest that the Ni-HHTP-250 sample still retains
the intrinsic crystal skeleton and crystal type of the Ni-HHTP
sample. To further describe the new structure and metal-
organic interactions of the Ni-HHTP-250 sample, a comparison
of the XPS spectra of pristine Ni-HHTP and Ni-HHTP-250 is
shown in Fig. S1.f The content of the Ni-O bond in pristine
Ni-HHTP is lower than that in Ni-HHTP-250. Because the
metal-organic interaction is stronger than that of metal-
solvent molecules, the reduction of Ni-O bond content is
mainly due to the destruction of coordination between the Ni
ions and O atoms in water molecules by heat treatment. The
result implies that heat treatment can remove H,O molecules
to expose unsaturated metal sites. For comparison purposes,
the XRD patterns and FT-IR spectra of the Ni-HHTP-160
sample and the Ni-HHTP-340 sample were also recorded. The
results show that the Ni-HHTP-160 sample and the Ni-
HHTP-340 sample also retain the intrinsic crystal skeleton and
crystal type of the Ni-HHTP sample (Fig. 2b and c).
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Fig. 2 (a) TG-MS plots of the Ni-HHTP sample during the thermal treatment under nitrogen. (b) XRD patterns of the Ni-HHTP sample, the Ni-
HHTP-160 sample, the Ni-HHTP-250 sample and the Ni-HHTP-340 sample. (c) FT-IR spectra of the Ni-HHTP sample, the Ni-HHTP-160 sample, the
Ni-HHTP-250 sample and the Ni-HHTP-340 sample. (d—g) Plots of pore-size distribution for the Ni-HHTP sample, the Ni-HHTP-160 sample, the Ni-

HHTP-250 sample and the Ni-HHTP-340 sample.
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The BET surface areas of the pristine Ni-HHTP sample, the
Ni-HHTP-160 sample, the Ni-HHTP-250 sample and the Ni-
HHTP-340 sample were tested using nitrogen adsorption and
desorption isotherms at 77 k (Fig. S2f). According to the N,
absorption-desorption curves in Fig. S2, the pristine Ni-
HHTP sample and the calcined Ni-HHTP samples exhibit type
IV isotherms. The appearance of hysteresis rings in all the
samples indicates the existence of multistage pores. Calculated
pore size distributions based on the Barrett-Joyner-Halenda
(BJH) method for the pristine Ni-HHTP sample and the
calcined Ni-HHTP samples are shown in Fig. 2d-g. With an
increase of the calcination temperature, the organic ligands
are stacked, so the micropores in the samples decrease, and
macropores appear gradually, which will facilitate the
exposure of active sites. The Ni-HHTP sample, the Ni-
HHTP-160 sample and the Ni-HHTP-340 sample possess two
types of pores, while the Ni-HHTP-250 sample possesses three
types of pores.

Fig. 2d and e show that the Ni-HHTP sample and the Ni-
HHTP-160 sample have micropores and mesopores. The Ni-
HHTP-340 sample shows mesopores and macropores (Fig. 2g).
Differently, the pore size distributions of Ni-HHTP-250 are
micropores, mesopores and macropores (Fig. 2f). In con-
clusion, the existence of hierarchical pores of the Ni-HHTP-250

View Article Online
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sample can provide many active sites and store lots of ions,
which are beneficial for the improvement of its electro-
chemical performance.*®

The morphologies of the Ni-HHTP sample and the ther-
mally treated samples are shown in Fig. 3. The FESEM and
TEM images in Fig. 3a and e indicate that the pristine Ni-
HHTP sample exhibits a smooth surface and a uniform
nanorod structure of about 1 um in length and about 50 nm in
width. As the calcination temperature increases, the surfaces
of the nanorods become rougher and the length of the nano-
rods becomes shorter (Fig. 3b-d). The FESEM image of the Ni-
HHTP-250 sample shows a loofah-like structure with a rough
surface, which are about 50 nm in diameter and 200 nm to
1 pm in length (Fig. 3c). The TEM images (Fig. 3g) further
confirm that the diameter of the nanorods is about 50 nm and
that the rough surface of the nanorods is because of the pres-
ence of a porous structure, which could play an important role
in sodium ion transport and electrolyte penetration. According
to the high-resolution TEM (HRTEM) image in Fig. 3i, a lattice
distance of 1.85 nm corresponds to the (010) crystal plane (26
= 4.7°), which is attributed to the top view of the ab plane.*® In
addition, the corresponding elemental mappings (Fig. 3j)
show the uniform distribution of Ni, C and O elements in the
nanorods.

Fig. 3 SEM images of the Ni-HHTP sample (a), the Ni-HHTP-160 sample (b), the Ni-HHTP-250 sample (c) and the Ni-HHTP-340 sample (d). TEM
images of the Ni-HHTP sample (e), the Ni-HHTP-160 sample (f), the Ni-HHTP-250 sample (g) and the Ni-HHTP-340 sample (h). (i) HRTEM image of
the Ni-HHTP-250 sample. (j) TEM image and the corresponding elemental mappings of the Ni-HHTP-250 sample.

This journal is © the Partner Organisations 2023
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The obtained samples show consistent crystallinity after being
immersed in an electrolyte for 24 h (Fig. S37), indicating that
the pristine Ni-HHTP sample and the Ni-HHTP samples after
thermal treatment are chemically stable, which provides an
opportunity for them to be used as stable electrodes in SIBs.
The electrochemical performance of the Ni-HHTP-250 sample
as an active electrode in SIBs is gauged with a voltage window
of 0.01-3.0 V (vs. Na'/Na). The initial five CV curves of the Ni-
HHTP-250 sample at a scanning rate of 0.1 mV s~ are pre-
sented in Fig. 4a. The peak appearing at about 0.69 V in the
first cathodic scan and then disappearing in the following
sweeps is due to the formation of a solid electrolyte interphase
(SEI) film.*” Two pairs of peaks at 1.23 V and 1.63 V in the
anodic scans and 0.37 V and 0.83 V in the cathodic scans
correspond to the reversible redox processes between Ni** and
Ni."® The discharge/charge profiles at a current density of
200 mA g (Fig. 4b) show an irreversible capacity loss in the
first discharge/charge cycle. During the first cycle, the initial
discharge and charge capacities are ~1162 and ~450 mA h g™,
respectively, with a first Coulombic efficiency (CE) of ~39%.
The capacity loss may derive from the SEI film.*! In the follow-
ing cycle of discharge/charge profiles, there is good reversibil-
ity. The rate capacity of the Ni-HHTP-250 electrode was
obtained at current densities from 0.1 to 2.0 A g~* (Fig. 4c and
d). The electrode could maintain the average discharge
capacities of ~420, ~340, ~280, ~240, ~215 and ~200 mA h

View Article Online
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g~ at different current densities of 0.1, 0.2, 0.5, 1.0, 1.5 and
2.0 A g, respectively. Inspiringly, when the current densities
return to 0.1 and 0.2 A g7, the reversible capacities recover to
~340 and 304 mA h g™, respectively. The electrode exhibits a
promising cycling performance (Fig. 4e). At a current density of
100 mA g, the electrode maintains a reversible capacity of
292 mA h g" after 100 cycles. At 200 mA g~* and 500 mA g,
the stable capacities can be maintained at 286 and 257 mA h g™
after 100 cycles, respectively. Due to the presence of hierarchical
pores and exposure of the most active sites of the Ni-HHTP-250
sample, it shows the best sodium-ion storage performance
among a series of samples at different thermal treatment temp-
eratures. As shown in Fig. S4a and b,f it is evident that the Ni-
HHTP-250 sample exhibits the best rate capacity and the highest
specific capacity at the same current density compared to the Ni-
HHTP sample, the Ni-HHTP-160 sample and the Ni-HHTP-340
sample. By comparison, the specific capacities of the Ni-HHTP
sample, the Ni-HHTP-160 sample and the Ni-HHTP-340 sample
decrease at a high current density of 500 mA h g™ after 100
cycles, remaining at 187, 153, and 218 mA h g, respectively
(Fig. S4bt). Moreover, at the same current density, the specific
capacity of the Ni-HHTP-250 sample is higher than that of the
sample after reaching carbonization temperature (Fig. S5T). At a
current density of 500 mA g~*, the Ni-HHTP-500 sample main-
tains a reversible capacity of 188 mA h g™ after 100 cycles.
Compared with other MOF electrode materials reported for SIBs
(Fig. 4f), the Ni-HHTP-250 electrode material exhibits an excel-
lent electrochemical performance.®?34>~*
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Fig. 4 Electrochemical performance of the Ni-HHTP-250 electrode. (a) CV curves at 0.1 mV s*. (b) Discharge—charge curves at 200 mA g~*. (c)
Rate capacity. (d) Discharge—charge profiles at various current densities. (e) Cycling performance at 100, 200 and 500 mA g~*. (f) Comparison of
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Fig. 5 Electrochemical kinetics analysis of the Ni-HHTP-250 electrode.

(a) CV curves at different scan rates from 0.1 to 1 mV s™*. (b) The corres-

ponding plots of log(i) vs. log(v) at peak 1 and peak 2. (c) Capacitance and diffusion-controlled contribution to Na* ion storage at 0.8 mV s™. (d)
Contribution ratio of capacitive and diffusion-controlled capacities at different scan rates. (e) GITT curves and the derived Dy,+ values at various dis-
charge/charge states. (f) Nyquist plot and the corresponding fitted data and an equivalent circuit model for EIS fitting.

CV tests at different scan rates ranging from 0.1 to 1.0 mV
s~' are used to further understand the excellent electro-
chemical kinetics of Ni-HHTP-250 (Fig. 5a). The peak currents
() and scan rates (v) have the following relationship:*>*°
av®, which can be written as: log() = b log(v) + log(a). When the
b value is 0.5, the electrochemical process is controlled by
diffusion. When the b value approaches 1, the electrochemical
process is non-Faradaic capacitive-controlled. By fitting the
corresponding plots of log(i) vs. log(v) (Fig. 5b), the calculated
b values are 0.72 and 0.84 in the Ni-HHTP-250 electrode,
which indicates that the electrochemical reaction is controlled
by a combination of diffusion-controlled and capacitive-con-
trolled processes. Moreover, the capacitive behavior is domi-
nant. The contribution ratio of capacitive-controlled capacity
to the total capacity can be calculated using the following
equation: i = kv + k,v"/?, where i represents the current
response, k,v is the capacitive effect contribution, and k"' is
the diffusion-controlled contribution. According to the calcu-
lation results, the contribution ratio of capacitive-controlled
capacity is about 77.5% at 0.8 mV s™' (Fig. 5c). As the scan
rates increase, the contribution ratios of the capacitive-con-
trolled capacity gradually increase. When the scan rate is up to
1.0 mV s, the percentage of the capacitive contribution of
the Ni-HHTP-250 electrode reaches 83.5% (Fig. 5d). By com-
parison, all the percentages of the capacitive contribution of
the Ni-HHTP electrode, the Ni-HHTP-160 electrode and the Ni-
HHTP-340 electrode are lower than that of the Ni-HHTP-250
electrode at the same scanning rate (Fig. S6f). Such a high
ratio of capacitive contribution leads to fast electrochemical
kinetics for the Ni-HHTP-250 electrode, further confirming
that the Ni-HHTP-250 electrode exhibits rapid electron and ion
transport during the sodiation/desodiation processes.

i=
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Galvanostatic intermittent titration (GITT) is used to
further evaluate the sodium-ion diffusion kinetics during the
discharge/charge process (Fig. 5e). The Na' diffusion coeffi-
cients (Dng:) in the Ni-HHTP-250 electrode are calculated using
the GITT method according to the following equation:*’

4 (mgVu\’ [AE\?
T ( MgS ) (AEt) ’
in which 7, mg, Vy;, S, and My are the pulse time (s), the real
mass of the electrode (g), the molar volume (cm® mol™), the
contact area between the electrode and the electrolyte, and the
molecular weight (g mol ™), respectively. Notably, the Dyg:
value during the sodium ion intercalation/extraction processes
is about 10™** cm? s™'. Furthermore, EIS is used to assess the
electrochemical performance of the Ni-HHTP-250 sample
(Fig. 5f). The semicircle in the high-to-middle frequency
region represents the electrochemical reaction kinetic process,
ascribed to the charge-transfer resistance (R.). In addition, the
inclined line in the low frequency region is defined as the
Warburg impedance (Z), corresponding to the diffusion of
sodium ions into the electrode. Using an equivalent circuit
model of Zview software, the value of R.. was estimated to be
approximately 723.5 Q. The values of R, are estimated to be
approximately 1474, 1724 and 908.3 Q for the Ni-HHTP elec-
trode, the Ni-HHTP-160 electrode and the Ni-HHTP-340 elec-
trode, respectively (Fig. S7at). The Ni-HHTP-250 electrode has
the smallest R, value among them, which indicates a fast
charge transfer for the Ni-HHTP-250 electrode. Besides, EIS is
also an important method for evaluating the diffusion coeffi-
cient of Na' ions within the particles. The diffusion coefficient
of Na* ions was calculated and is shown in Table S1.T The Dy,
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value is the highest in the Ni-HHTP-250 electrode, indicating
that the Ni-HHTP-250 electrode possesses the fastest reaction
kinetics.

Charge storage mechanism

To further investigate the redox reaction mechanism of the Ni-
HHTP-250 electrode in SIBs, ex situ FT-IR spectroscopy and
XPS were performed at different charge/discharge states

oy
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during the 1% cycle. The results indicate that the Ni-HHTP-250
electrode undergoes both the conversion reaction of metal
nodes and the insertion reaction of organic linkers. As shown
in Fig. 6b, the peak of C=0 at 1625 cm~ " weakens and the
signal of the C-O group at 1250 cm ™" increases during the dis-
charging process, and an opposite trend was found during the
subsequent charging process, which indicates the transform-
ation between the C=0 and C-O groups. In addition, there are

a 1600 -
— ;\? pristine
§1200 - 3
E = discharged to 0.7 V
E 8004 , , £ :
b g discharged to 0.01 V
,é‘ Pristine o
8 400 - ég g charged to 1.7V
& s =
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" Ci& = 2P Ni 2py,
= | discharged to 0.7 V ~— |discharged to 0.7 V ;
3 N 4 g 5 oy
< P — £
> discharged to 0.01V 2| discharged to 0.01 V
= g A A A
§ charged to 1.7 V Q| chargedto 1.7V
= : E | i i, B 5
chargedto 3.0V a charged to 3,0 V _‘_

540 536 532
Binding Energy (eV)

528 890 880 870 860 850

Binding Energy (eV)
— ‘

b 3

Fig. 6 The sodium storage mechanism of the Ni-HHTP-250 electrode. (a) Discharge/charge profiles at 200 mA g~*. (b) Ex situ FT-IR spectra. (c) Ex
situ XPS spectra of O 1s. (d) Ex situ XPS spectra of Ni 2p. (e and f) FESEM images at different magnifications of the Ni-HHTP-250 sample after 100

cycles.
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no signals of Na,O and NiO in the FT-IR spectra,*® which indi-
cates that the organic ligands are not decomposed.
Furthermore, the structures of electrode materials after 100
cycles still remain as hexagonal nanorods (Fig. 6e and f),
which also demonstrates that the frameworks are not
destroyed. The XPS spectra of O 1s (Fig. 6¢) also prove the
above result. The C=0 and C-O groups take part in the redox
reaction. The ex situ XPS spectrum of Ni 2p in Ni-HHTP-250
(Fig. 6d) shows a pair of peaks at 856.7 eV (2ps,) and 874.7 eV
(2p1s2), along with two satellite peaks at 861.9 and 880.0 eV,
both from Ni*". A signal peak of Ni (0) appears after dischar-
ging to 0.7 V. For Ni (0), the intensity of the peak after dischar-
ging to 0.7 V is lower than that of the peak after full discharge,
which indicates that a part of Ni** is reduced to Ni (0) during
the discharge process. During the charging process, parts of
Ni (0) are oxidized to Ni** again. The phenomenon shows that
the metal center also participates in the redox reaction. In con-
clusion, ex situ FT-IR spectroscopy and XPS indicate that both
the metal center and C-O groups can store sodium ions
during the charge/discharge process providing highly active
sites for sodium storage. Based on the results of CV curves, ex
situ FT-IR spectroscopy, XPS and FESEM, the Ni-HHTP elec-
trode undergoes a conversion reaction to form Ni (0) and Na-
HHTP in the first discharge reaction. Then, the Ni-HHTP elec-
trode regenerates after the charge reaction.

Conclusions

In conclusion, we report an effective way to expose active sites.
A series of Ni-HHTP samples with adjustable pores and highly
exposed active sites with thermal treatment prior to carboniz-
ation were obtained. The Ni-HHTP-250 sample used as an elec-
trode for SIBs delivers a large reversible discharge capacity of
420 mA h g7' at 0.1 A g7*. The excellent performance of the Ni-
HHTP-250 sample can be attributed to the following advan-
tages: (1) a 3D network structure formed by the cross-linked
nanorods of lengths ranging from 200 nm to 1 um will facili-
tate the permeation of the electrolyte and (2) the coexistence of
micropores, mesopores and macropores is conducive to the
insertion/extraction of sodium ions. The charge/discharge
mechanism was also investigated. Both the metal ions and
ligands are active sites for reversible reactions. After the
electrochemical reaction, the morphology of the electrode was
well maintained. This work gives a new route for enhancing
the electrochemical performance of MOFs and deepens the
study of the electrochemical reaction mechanism.
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