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Abstract:

In summary, a novel structure of MOF based on 1,4-di ([2,2":6',2"terpyridin] -4'-yl)benzene and 1,4-naphthalenedicarboxylic acid has
been constructed through hydrothermal reaction. The Ni-MOF displays one dimensional zigzag chain, which connect each other by
hydrogen bonding to form three dimensional supramolecule with large channels. The conjugated systems of the terpyridin and benzene
ligands enhance the chain rigidity, accelerate the electron transport. The massive channels provides electrolyte rapid transfer. By the
structural feature aforementioned, the Ni-MOF demonstrates stable electrochemical performance as suprocapacitor.
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1 Introduction

In recent years, with the decline of non-renewable
resources and the global demands for clean energy
shortage, the development of clean and efficient energy
storage equipment has become an important research
direction. However, chemical and physical limitations of
existing materials hinder performance and require new
solutions. For instance, polymers and conductive carbon
materials are relatively inexpensive, scalable, and
synthetically tunable but can lack physical and chemical
stability for device implementation. On the other hand,
solid inorganic materials, such as metal oxides and silicon,
are used as electrode materials due to their robust
structure and redox-active sites. However, sluggish ion
diffusion of metal oxides limit charge discharge rate
capabilities and large volumetric changes lead to
mechanical instability ™. Metal Organic Frameworks are
one reasonable type of materials to solve the above issues
due to their metal atoms and organic skeletons, adjustable
channels and extraordinary porosity, which display
different applications by diverse metal atoms “*. MOFs
are entering the limelight as supercapacitors by virture of
the tunable structure, large specific surface area and
amount of accessible active centers 7. Meanwhile,
MOFs materials can be used as redox centers of
pseudo-capacitors, which can accelerate the reaction
because of their skeleton structure and many active sites.

Supercapacitors have two main mechanism: a
double-layer capacitor and a pseudo-capacitor %,

Double-layer capacitor works on the principle that during
charging, ions with opposite charges accumulate on the
electrode surface and are stored between the electrodes
and electrolytes. The double-layer capacitor has good
invertibility and power density because of its fast
electrochemical reaction near the surface. The
pseudo-capacitorsused in this paper is mainly charged and
discharged through the rapid oxidation-reduction reaction
on the electrode surface, which reflects well the
efficiency of the supercapacitor because of the rapid
reaction ™. Due to the high specific surface area of
carbon materials, activated carbon, carbon nanotubes and
graphene are commonly used as electrode materials in
current research. Despite carbon materials have such
excellent characteristics, they are not necessarily suitable
for supercapacitors. For example, Chao Feng et al.
reported a Ni-MOF material with a specific capacitance
of 184 F/g at a rate of 5 mV/s ™. Yue et al reported a
kind of Zn-MOF used in supercapacitors. At the current
density of 0.5 A/g, the specific capacitance is only 138
F/gt™!. When these materials are used as supercapacitors,
they have no good energy storage effect because of their
small specific capacitance. Chao Feng et al. reported a
Ni-MOF material has lost a lot of specific capacitance
under 1000 cycles P**1 A kind of MOFs used in
supercapacitor is reported by Kong et al. After 1000
charge-discharge cycles, the specific capacitance keeps
only 72.8% ™8 It indicates that the MOFs material has
short service life when used as a supercapacitor, which
does not accord with the characteristics of long service
life of supercapacitors. While some MOFs have high

Copyright © 2022 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and

reproduction in any medium, provided the original work is properly cited.
Received on March 11, 2022; Accepted on April 18, 2022

42

Research and Application of Materials Science | Vol. 3| No.1 | 2021


http://www.viserdata.com/
http://www.viserdata.com/journal/rams
http://creativecommons.org/licenses/by-nc/4.0/

specific capacitance and good cycle stability when they
are used as supercapacitors, they will lose large specific
capacitance when they are used as supercapacitors at high
current density. When the material is used as a

supercapacitor, the specific capacitance can only keep 71.21%

at the current density of 10 A/g at Kang Liu et al.’s paper ¥,
At the current density of 20 A/g, the specific capacitance of
Zhu et al supercapacitor is only 47.29% 1,

Based on the above question, a Ni-based MOFs
material was synthesized by in-situ reaction and its
structure was characterized in this paper. The
electrochemical performance of the supercapacitor was
also evaluated.

2 Experimental section
2.1 Synthesis of HU17

All the reagents were purchased and used directly
without further purification, Ni-MOF was synthesized by
hydrothermal method, 0.02 g of Ni(NOj),, 0.001g of
1,4-di([2,2":6",2"terpyridin]-4'-yl)benzene (1,4-Tph),
0.005g of 1,4-naphthalenedicarboxylic acid (1,4-Npa)
with a balance, and then mixing them with 5 ml distilled
water. The glass bottle is put into the plastic inner liner,
and then the inner liner is put into the sealed reactor. It
was cooled naturally after 72 hours reaction at 150 <C. If
all the impurities are yellow dendritic crystals and a few
yellow massive crystals, they will be regarded as pure.
The product was extracted into the sample tube and dried
in a 50°C constant temperature oven to obtain the
required crystals.

2.2 Single-crystal structure determination

The single crystal HU17 was diffracted by Agilent
SuperNova X-ray diffractometer at 298K (radiation type is
MOK/a, radiation wavelength is 0.71 A). The crystal
table is shown in Table 1.

2.3 Electrochemical measurements

Two rectangular nickel foams with the same shape
and similar size are cut and it's twice as long as it's wide.
First weighing the quality of two pieces of nickel foam,
removing one nickel foam and setting the balance to zero,
the sample is 2.5 mg at the end of the remaining nickel
foam. Cover with another nickel foam, wrap it in
weighing paper, and put it into a tablet press.

In this paper, three-electrode test is used. Pt sheet is
used as the opposite electrode, the reference electrode is
the saturated calomel electrode, and the working electrode
is the MOFs material electrode. The electrolyte solution is
6 Mol/L KOH.
2.3.1Cyclic voltammeters:

The specific capacitance of electrode material is
measured by cyclic voltammetry. The formula is

_[ 1du
CmvAV @)
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Among them, C is the specific capacitance (F/g), m
is the mass (g) of MOFs, AV is the Window voltage (V),
i is the current intensity (A), and v is the scanning rate
(mV/s),

We can get different specific capacitance by
changing the scanning rate v.
2.3.2Constant current charge and discharge test:

Constant current charging and discharging is to use
constant current to test electrode material. The formulais

I At

mAV )

Among them, C is the specific capacitance (F/g), m is
the mass (g) of MOFs, At is the Discharge time (s), | is the
current intensity (A), and A V is Window voltage (V)#2%,

We can obtain specific capacitance at different
current by changing current.
2.3.3Impedance test:

Two test voltages are set, one is 0.45 V, and the other
is the voltage corresponding to the oxidation peak in the
CV curve. Test frequency is 0.01 Hz-100KHz.

Table 1 Crystal date and structure refinement for
complexes HU17

complex HU17
empirical formula C60 H42 N6 011 Ni2
formula weight 1140.41

T (K) 293.15

crystal system triclinic
space group P12/n1 (13)
a(h) 11.4409 (8)
b (A) 14.8757 (9)
c (A 17.6457 (11)
o (%) 74.092 (2)
B 76.830 (2)
Y (©) 79.855 (2)
V (A3) 2791.4 (3)
z 2
Dc (Mg mm-3) 1.357
p (mm-1) 0.740
F (000) 1176
-13/13
index ranges (h, k, I) -17/17
-21/20
reflections collected 7049
Rint 0.0481
restraints/parameters 0/716
GOF (F2) 1.009

RILwWR2 [I>20( 1)]a
R1,wR2 (all data)b
Largest diff. peak/hole (e A-3)

0.0547, 0.1333
0.0896, 0.1445
0.413, - 0.304

a R1 = ZX||Fo|-|Fc| |/ Z|Fo|
b wR2 = [Zw(F02-Fc2)2)/ Zw(F02)2]1/2
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3 Results and discussion
3.1 Crystal structure of HU17

A novel structure of MOF based on
1,4-di([2,2":6',2"terpyridin] -4'-yl)benzene (1,4-Tpb) and
1,4-naphthalenedicarboxylic acid (1,4-Npa) has been
constructed by solvothermal reaction. The asymmetric
unit contains two central atoms (Nil and Ni2),
onel,4-Npa ligand, one 1,4-Tpb ligand, and three
coordinated water molecules. As can be seen from the
Figure 1, the central atom Ni has two coordination
environments. Figure 1(a) shows the Nil is a tridentate
chelate with a 1,4-Tpb, one 1,4-Npa and two H20. Figure
1(b) shows the Ni2 is a tridentate chelate with a 1,4-Tpb,
one H20 and two 1,4-Npa, respectively. The asymmetric
units are directly connected to form a chain. 1,4-Npa
presents two coordination environments, one is bridged
with two metal center ions Ni, as shown in Figure 1(c);
the other is bridged with only one metal center ion Ni, as
shown in Figure 1(d). There is only one coordination
environment for 1,4-Tpb, that is, the two ends are
tridentate chelate with two metal center ions Ni. Figure
1(f) shows the asymmetric unit of complex HU17. It is
composed of two units in Figure 1 connected by a
common 1,4-Npa. Figure 1 (g) shows the molecular chain
of HU17. It is composed of asymmetric units connected.
Figure 1(h) is a schematic diagram of the connections
between different chains. From the figure, we can see that
there is no link between the chain and the chain.
Considering the hydrogen bonds with an average distance
of 2.67 A, two parallel chains connected to form a
supramolecule network. Figure 1(i) is a schematic
diagram of the connection modes of adjacent network
structures. The adjacent mesh structures are connected to
each other form three-dimensional structures. There are
some independent water molecules occupied the channels
of these chains.
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Figure 1 (a) Coordination environment of Nil; (b)
coordination environment of Ni2; (c) and (d) the
coordination modes of 1,4-Npa; () the bridging mode of
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1,4-Tpb; (f) an asymmetric unit of HU17, (g) the single
chain structure of HU17; (h) The hydrogen bonds
between two chains; (i) The 3D network of HU17

Figure 2 shows the thermogravimetric curve of
HUL17. It can be seen from the figure that in the range of 0
to 300 C, the complex HU17 loses 7% of its mass,
which is a process of gradually losing crystal water .In the
range of 300 to 780°C, the mass of the complex HU17 is
greatly reduced, and 80% of the total mass is lost, because
its crystal skeleton is gradually oxidized and decomposed.
Above 780°C, the mass increases slightly because the

metal is oxidized to metal oxides.
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Figure 2 Thermogravimetry analysis of HU17

The GCD curve is shown in Figure 3(a). The current
density gradually increased from 1 A/g to 20 A/g. with the
increase of current density, the charging and discharging
time became shorter and the curve compressed to the
ordinate. According to formula b, the specific capacitance
of complex HU17 can be calculated. The calculated
results are represented by histogram, and the schematic
diagram of specific capacitance is Figure 3(c). As can be
seen from Figure 3(c), with the increase of current density,
the specific capacitance decreases gradually. This is
because under the large current density, the charging and
discharging time decreases, and all active sites cannot be
fully called, so that some active sites are not involved in
the charging and discharging, resulting in the reduction of
specific capacitance. At the current densities of 1 Alg, 2
Alg, 5 Alg, 10 A/g, 15 A/g and 20 A/g, the specific
capacitances are 135.5, 132.4, 127.5, 122.4, 121.6 and
117.2 F/g, respectively. It can be seen that the specific
capacitances at 20 A/g and 1 A/g current densities are
only 13.5% compared with each other, indicating that the
complex HU17 has a faster reaction rate when it is used
as a super capacitor, which conforms to the characteristics
of fast charging of super capacitor.

Figure 3(b) is the CV test curve. It can be seen from
the figure that in the cyclic voltammetry test, the super
capacitor has oxidation peak and reduction peak,
indicating that the super capacitor is a Faraday capacitor.
At the same time, we can see that with the increase of
scanning rate, the curve deforms to a certain extent,
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which shows that the capacitor becomes unstable under
high scanning rate. Formula a can be used to calculate the
specific capacitance of materials at different scanning
rates, and the specific capacitance is displayed by
histogram. At the scanning rates of 1 mV/s, 2 mV/s, 4
MV/s, 6 MV/s, 8 MV/s, and 10 mV/s, the specific
capacitance is 332.8, 314.7, 294.8, 283, 274.8, 268.9 and
258.6 F/g, respectively. It can be seen that at the scanning
rate of 1 mV/s, the material has high specific capacitance,
which is in line with the characteristics of high
capacitance of super capacitor. At the same time, it can
also be seen that the specific capacitance loss rate is
only 22.3% at the scanning rate of 20 mV/s and 1 mV/s,
that is to say, at the high scanning rate, the electrode
material can still maintain a high efficiency, which
shows that the electrode material has good stability at
high scanning speed.
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Figure 3 (a) The GCD curve of HU17, (b) the CV curve
of HU17, (c) the specific capacitance measured under
GCD curves, and (d) the specific capacitance measured
under CV curves
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The EIS curve of this MOF electrode material is
shown in Figure 4 Curve 1 is 0.45V, and Curve 2 is the
voltage corresponding to the oxidation peak in the CV
curve. From Figure 4(b), it can be seen that the HU17
electrode material has a small semicircle in the high
frequency region, which indicates that the electrode
material has a small internal resistance. In Figure 4(a), it
can be seen that the slope of HU17 electrode material is
small in the low frequency region, which indicates that
the electron transfer rate of HU17 electrode material is

not very fast.
(a)tsc b)s
91 o 9 9 1
@ 2 @ 2
@ 9 44
oo ° o ~ <
d =} ]
= ] =
N o o R 29®
o
504 2 °?
yd |
0+ -2
0 20 40 60 0.0 04 0.8 1.2 16 20
Z(Q) Z(Q)

Figure 4 (a) The low frequency zone of EIS Curve and
(b) the high frequency zone of EIS curve
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Figure 5 shows the cyclic stability curve of HU17
for supercapacitors. It can be seen that the capacitance
efficiency of the electrode material can remain 100% after
10000 charge-discharge cycles. This indicates that HU17
has excellent cyclic life for supercapacitors and is suitable
for supercapacitors.
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Figure 5 The cyclic stability curve of HU17

4 Conclusions

In summary, a novel structure of MOF based on 1,4—
di ([2,2":6',2"terpyridin] -4'-ybenzene and
1,4-naphthalenedicarboxylic acid has been constructed.
The Ni-MOF displays one dimensional zigzag chain,
which connect each other by hydrogen bonding to form
three dimensional supramolecule with large channels. The
conjugated system of the terpyridin and benzene ligands
enhance the chain rigidity, accelerate the electron
transport. The massive channels provides electrolyte rapid
transfer. By the structural feature aforementioned, the
Ni-MOF demonstrates stable electrochemical
performance as suprocapacitor.
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