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Recently, the easy processability and dynamic properties of metal—organic gels (MOGs) have highlighted
their application in sensing, adsorption, and catalysis. However, people rarely realize the potential appli-
cation of metal organic gels (MOGs) in supercapacitors due to the insufficient conductivity of most
MOGs. Here, a conductive NiMn-based bimetallic metal-organic gel with controllable morphology has
been manufactured via a self-assembly process with metal ion and low molecular weight gelators. The
interaction of metal ion and low molecular weight gelators easily control the growth of NiMn MOG with
different nanostructures, such as pieces, lines, and rods by changing the molar ratio of Ni®* and Mn?*.
Benefiting from the nanosheets, the electrode of NiMn-3 MOG exhibits an excellent capacitance of
~6929 F gtat1A g™, agood rate performance (516.6 F g~* at 9 A g™ and a favorable conductivity
(112 S m™Y). Furthermore, an asymmetric supercapacitor (ASC) device assembled with activated carbon
as the negative electrode and NiMn MOG as the positive electrode exhibits a maximum energy density
of 875 W h kg™! at a power density of 849 W kg~!, and preserves great cycling stability (84.54%
capacity retention after 5000 cycles). This work provides an effective strategy to manufacture NiMn
MOG-based electrodes for actual energy storage and conversion applications.
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transmission channels, further hindering their application in
supercapacitors.'>'?

Introduction

Supercapacitors (SCs) have been regarded as one of the most
appealing energy storage devices for various applications
that require rapid recharge capabilities and high energy
density."™ The rational design of novel structures and the
development of materials are significant to enhance electro-
chemical performance.”® Metal organic frameworks (MOFs) with
distinctive structures have shown extensive applications in super-
capacitors due to their tunable structure, high porosity and
diversity.”'® Nevertheless, MOFs with inadequate conductivity have
a certain negative influence on the efficiency of electron transfer
and ion diffusion due to the serious lack of well-integrated
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As the homologous species of MOFs, metal organic gels
(MOGs) represent an emerging type of porous material display-
ing a certain extent of designability and adjustability in com-
position and function, owing to the variability of the central
metal ion and ligand that could be easily designed and
decorated.*™"® Besides, the synergistic effect of electrostatic
effect and cross-linking coordination in the reaction system
induces gelation to produce pores in the mesopore range
(2-50 nm) to support the migration and diffusion of chemical
substances.!” Therefore, MOGs have attracted extensive atten-
tion as potential energy storage application materials.'®"®
However, obtaining metal organic gels with special functions
(high stability, great conductivity and so on) is sometimes
difficult as only a single metal component is used. The bime-
tallic MOGs could be utilized by introducing another active unit
to get over this weakness.”®*! For example, the electron accep-
tors of iodine and 2,4,7-trinitrofluorenone were added to get
high stability and great conductivity.> In addition, compared
with single-metal MOGs, bimetallic MOGs tend to have minor
particles, larger volume and more metal active sites due to the
introduction of heterogeneity.>*** Simultaneously, the most
significant feature of the two-component is that the properties
and structure of the gels can be easily modulated by altering the
molar ratio of the component. Regulating the nano-structure of
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Scheme 1 Synthetic schematic diagrams of the NiMn MOG composites
with controllable morphology.

the ion conduction channel has proved to be a more realistic
means to comply with the high proton conductivity because the
structural characteristics revise the kinetics and distance of
the transition site, which determines the proton transport
behavior.'*?>2¢ particularly, the active centers of the metals
are highly distributed in the MOG reaction system, and large-
scale fabrication of MOGs are easier with the appropriate
gelation process, which is advantageous for the SC process.
Despite the exceptional advantages, so far, there have been no
related reports that exploited the application for bimetallic
MOGs in the SCs.

In this work, a series of metal ions with various adjustable ratios
(Ni** and Mn**) and organic ligands 1,3,5-benzenetricarboxylic acid
(BTC) were simply mixed to prepare bimetallic NiMn-3 MOG
(Ni/Mn molar ratio is 3:1) via a self-assembly process for the SCs
(Scheme 1). The bimetallic NiMn-3 MOG possesses the structure of
nanosheets and exhibits great conductivity (1.12 S m™'). Test on
electrochemistry shows that the specific capacitance value of NiMn-
3 MOG can reach 692.9 F g~ at a current density of 1 A g~ " due to
the synergy between Ni** and Mn*'. Furthermore, after 5000
charge/discharge cycles at a high current density of 8 A g,
84.6% of specific capacitance can still be retained which exhibits
excellent durability. More importantly, the assembled device,
NiMn-3 MOG//AC, exhibits excellent performance in the applica-
tion of energy storage of 91.52 W h kg™ ' at a power density of
850.03 W kg " and shows great cycling stability (84.54% capacity
retention after 5000 cycles), certifying that NiMn-3 MOG has great
prospects for actual energy storage and conversion applications.

Experimental

Materials

1,3,5-Benzenetricarboxylic acid (C¢H3(CO,H);), nickel chloride
hexahydrate (NiCl,-6H,0), manganese chloride tetrahyd-
rate (MnCl,-4H,0), ethanol (C,HsOH), potassium hydroxide
(KOH), triethylamine (TEA, AR), polytetrafluoroethylene aqu-
eous emulsion (PTFE, 6 wt%) and activated carbon were
purchased from Sinopharm Chemical Reagent Co., Ltd. All
reagents were of commercial quality and were used in the
experiment without further purification.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Preparation of MOGs

Synthesize of Ni MOG and Mn MOG

Ni MOG. First, 3 mmol of NiCl,-6H,0 (237.69 g mol ™",
0.713 g) was dissolved in 2 mL of ethanol reagent, and then
2 mmol of 1,3,5-benzenetricarboxylic acid (210.14 g mol !,
0.42 g) was dissolved in 3 mL ethanol reagent (containing
300 pL TEA, which can improve the solubility of the ligand in
ethanol). The two solutions were mixed and fully shaken until
they were homogenized and placed at room temperature to
stand still until a gel was formed, and the sample was named
Ni MOG.

Mn MOG. Similarly, 3 mmol MnCl,-4H,0 (197.91 ¢ mol %,
0.594 g) and 2 mmol 1,3,5-trimellitic acid (210.14 g mol ',
0.42 g) were dissolved in 2 mL and 3 mL of ethanol reagents,
respectively, and the resulting gel was named Mn MOG.

Synthesize of NiMn MOG. A mixture of 2.25 mmol NiCl,-
6H,0 (237.69 g mol™ ', 0.534 g) and 0.75 mmol MnCl,-4H,0
(197.91 g mol™?, 0.148 g) was dissolved in 2 mL of ethanol
reagent. 1,3,5-Benzene tricarboxylic acid (210.14 g mol
0.42 ¢) is dissolved in 3 mL of ethanol reagent (containing
300 UL TEA, which improves the solubility of ligand in ethanol
and is beneficial to the formation of MOGs). Then, the sample
was prepared by directly mixing metal ions and ligand solu-
tions at room temperature (the molar ratio of the total metal
ions in the solution to the ligand is 3:2), the concentration of
the total metal ions in the solution was always maintained at
0.6 mol L™". After the reaction is completed, the sample is
named NiMn-3 MOG, in which the concentration of Ni*" is
0.45 mol L™" and the concentration of Mn>" is 0.15 mol L™"
(the molar ratio of Ni** to Mn>" is 3:1), and expressed as
NiMn-3 MOG. Other MOGs were obtained by the same method
and NiMn MOGs with Ni*" and Mn>" ratios of 1:1, 2:1, and
4:1 were denoted as NiMn-1 MOG, NiMn-2 MOG and NiMn-4
MOG (the total molar amount of Ni** and Mn*" is 3 mol and the
ligand concentration remains the same), respectively.

Material characterization

The prepared material was characterized using X-ray diffraction
spectrum (XRD) (Bruker D8 Focus), field emission scanning
electron microscopy (FESEM) (Hitachi-S4800) and transmission
electron microscopy (TEM) (FEI Tecnai G2 F20). The rheologies
of the NiMn MOG composite were measured using a MCR
702 rheometer. The specific surface area and pore size distribu-
tion were characterized by adsorption/desorption isotherms
at 77 K using a TriStar™ II (Micromeritics) device. The con-
ductivity of the material was measured using a Four point
probe resistivity tester (SZT-2A). The chemical composition
and valence state of the materials were measured using a
VG ESCALAB 250 spectrophotometer with Al Ko radiation
(1486.6 eV) by X-ray photoelectron spectroscopy (XPS).

Preparation of working electrode

In order to prepare the working electrode used in the three-
electrode device, the active material, acetylene black and poly-
tetrafluoroethylene (PTFE) are mixed and stirred at a mass ratio
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of 7:2:1 to make a slurry, and then a thin film with a thickness
of 0.1 mm is prepared and laid on the nickel foam, the mass
load is 5.0-6.0 mg cm 2, and dried in an oven at 60 °C for
2 hours to remove the solvent.

Electrochemical performance test

All electrochemical properties are measured using CHI 660E. In
the three-electrode device, acetylene carbon black and satu-
rated calomel electrode (SCE) are used as the counter electrode
and reference electrode, respectively, and tested in 6 M KOH.
Under the open circuit voltage, electrochemical impedance
spectroscopy (EIS) measurement was performed at a frequency
of 100 kHz to 0.1 Hz using an electrochemical workstation
(ZAHNER PP211, Germany). For electrochemical tests, cyclic
voltammetry (CV) and constant current discharge-charge tests
were performed using an electrochemical workstation (CHI
660E). The electrode material specific capacitance Cy, (F g ~)
is calculated according to eqn (1).>”%®

I xAt
T mx AV

1)

where I (A) is the current, AV (V s ") is the scan rate, m (g) is the
mass of the active material on the working electrode, AV (Vs™?)
is the potential Window, and At (s) is the discharge time. The
asymmetric supercapacitor (ASC) device uses NiMn MOG and
activated carbon (AC) as the positive electrode and the negative
electrode, respectively, with water system diaphragm as the
separator, and 6 M KOH solution as the electrolyte. The
preparation methods of the electrodes NiMn MOG//AC and
AC are similar to the above. The mass ratio of NiMn MOG
(positive electrode material) and AC (negative electrode mate-
rial) is balanced according to the following equation:*”**

my Ch_AV_

= 2
Cm+AV+ ( )

m_
where m (g) is the mass of the active material, Cp,, (F g~") is the
specific capacitance of the active material, AV (V s™') is the
potential range of the positive electrode (+) and negative
electrode (—). The energy density E (W kg h™') and power
density P (W kg ) can be calculated as follows:*"*®

CnAV?
T 2x36 ()
3600E
P= v (4)

where Cp, (F g ') is the measured device capacitance, and
AV (V s71) is potential ranged, and At (s) is the discharge time.

Results and discussion

The microstructure features of the MOG materials obtained by
scanning electron microscopy (SEM) show a refined fine-grain
morphology that is related to their physical properties and
chemical structure (Fig. 1 and Fig. S1, S2, ESIt). The SEM of
the Ni MOG, Mn MOG and NiMn MOG with different ratios was
performed to explore the independent central metal nodes Ni,
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Fig.1 The SEM images of (a) and (b) NiMn-3 MOG, and (c) the corres-
ponding elemental mapping of NiMn-3 MOG electrode (the bottommost
images).

Mn, and their different ratios on the adjustment of the gel
morphology. It is worth noting that the pure monometallic gels
Ni MOG and Mn MOG (Fig. S1(a)-(d), ESIt) have a uniform
open porous microstructure with similar interconnected por-
ous networks. As the ratio of Ni** to Mn>" changes, the micro-
scopic morphology of MOG changes from irregularly stacked
nanowires to stacked nanosheets, and when Ni:Mn = 3:1,
close-packed nanorods with smooth surfaces are formed as
shown in Fig. 1(a) and (b). This is may be attributed to the
regular coordination between the central metal node and
the organic bridging ligand to improve its electrochemical
performance.’>?® The ratio of the central node should be
greater than 3 to obtain irregularly shaped bundled
nanosheets, which may be due to the excessive introduction
of Ni** which interferes with the coordination environment in
the system. Element mapping (Fig. 1(c)) characterizes the
element types and approximate distribution of the MOG aero-
gel (Ni:Mn = 3:1). The mapping analysis provides the chemical
composition of NiMn-3 MOG. The mapping result shows a
small amount of N element, which is related to the introduction
of triethylamine. The positioning of various elements is similar,
implying the coordinated coordination of Ni, Mn and BTC; in
addition, triethylamine as a gel inducer leads to the formation
of the NiMn-3 MOG composite. According to the EDX analysis
(Fig. S3, ESIY), the atomic ratio of Mn and Ni was approximated
to be 72.07:27.93, which was consistent with the result
obtained using the X-ray photoelectron spectroscopy (XPS)
(Mn:Ni = 69.7:30.3). The elemental ratio of the NiMn-3 MOG
was not in keeping with the initial precursor ethanol solution,
which may be attributed to the incomplete coordination of the
precursor Ni ions.

Transmission electron microscopy was performed for the
NiMn-3 MOG composite in order to explore the internal micro
morphology of the gel. Fig. 2(a) shows the composition of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM (a), HRTEM (b), SAED (c) images and (d) the PXRD curve of

NiMn-3 MOG.

nanoparticles with a nanorod size of approximately 2 nm.
These nanoparticles may result from the core structure formed
under the reaction conditions during their coordination pro-
cess with Ni, Mn and BTC. It is worth noting that the exterior of
the nanoparticles is coated to form nanorods with smooth and
regular surfaces. This may be attributed to the introduction of
TEA, which changed the pH value of the reaction system
and promoted the rapid formation of gels, resulting in
coordination.*” The crystal nucleus quickly covered up. From
the HRTEM image (Fig. 2b), the nanoparticles can be seen more
clearly, and the lattice spacings of NiMn-3 MOG are 0.209 nm,
0.132 nm and 0.209 nm, respectively, corresponding to the
crystal planes (011), (110) and (112). In addition, the selected
area electron diffraction (SAED) pattern of NiMn-3 MOG is
shown in Fig. 2(c). The diffraction ring points to the crystal
planes (011), (110), (112) of the composite material, revealing
the polycrystalline nature of the material. The powder X-ray
diffraction (PXRD) patterns clearly suggest that the Ni salt
precursor was converted into the gels (Fig. 2(d)). Particularly,
the two weak and sharp signals sited at 37.3, 43.3 and
62.9 matched well with the (111), (200) and (220) planes of
NiMn-3 MOG, respectively, which was consistent with the SAED
results. Furthermore, the curves of PXRD proved that Ni BTC,
Mn BTC and NiMn BTC all have similar crystalline structures,
indicating that the co-existence of Ni and Mn and the formation
of a gel with BTC have little effect on the crystalline structure of
the gel (Fig. S4, ESIt). It also indirectly proves the existence of
crystal nuclei in the gel.*> Combined with TEM and PXRD, it is
further proved that Ni, Mn and BTC have synergistic and
competitive coordination effects.

Fig. 3 shows the FTIR spectra of BTC, single MOG and different
ratios of bimetallic MOG. Among them, the four stretching
vibration peaks of BTC in the range of 2250-2500 cm ' are
attributed to -OH stretching. It is worth noting that after BTC
forms a gel with central metal ions (Ni** and Mn?"), a broad
stretching vibration peak appears around 3400 cm ', which is
attributed to the coordination of BTC and central metal ions
leading to the stretching of -OH. The vibration peak moves in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR spectra of BTC and MOGs.

direction of the long wave. In view of the possibility of uncoordi-
nated ~COOH or adsorbed bound water in the gel, 2931 cm ™" and
2919 cm ' are assigned as the C-H stretching vibration and
bending vibration, respectively. At 1624 cm™' and 1038 cm ™"
are the stretching vibration peaks of the -C—C- double bond and
the C-H out of plane bending vibration peaks on the aromatic
ring. In addition, after BTC coordinated with the metal to form a
gel, the -C=0O0 stretching vibration peak around 1720 cm " was
significantly weakened and moved to 1726 cm™ *.** After the gel is
formed, obvious in-plane bending vibrations of -C—0 and MO
(M = Ni, Mn, and NiMn) coordination bonds appear in the range
of 510-752 cm™", indicating the existence of effective metal-
organic bonding between the metal and the ligand.

The X-ray photoelectron spectroscopy (XPS) was performed
to reveal the surface elemental composition and chemical
properties of the prepared NiMn-3 MOG sample. XPS analysis
was directed to reveal the surface elemental composition and
chemical properties of the prepared NiMn-3 MOG sample. The
XPS survey spectrum of NiMn-3 MOG verified the presence of
Ni, Mn, C, O and N in the as-prepared products (Fig. 4). The
peaks at 857.8, 644.8, 529.1, 398.4 and 286.4 eV represented the
Ni 2p, Mn 2p, O 1s, N 1s and C 1s spectra, respectively
(Fig. 4(a)). The Mn 2p spectrum is shown in Fig. 4(b) in which
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Fig. 4 (a) Full-scale XPS spectrum and high-resolution XPS spectra of (b)
Mn 2p, (c) Ni 2p, (d) O 1s, (e) Ni 2p and (f) N 1s of NiMn-3 MOG composite.
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Fig. 5 (a) N, adsorption—desorption isotherms and (b) pore size distribu-
tion curves of the NiMn-3 MOG.

the peaks located at 653.6 eV and 641.2 eV correspond to the
Mn 2p,, and Mn 2p;j, levels. Moreover, the weak peaks at
658.6 eV and 646.4 eV belong to the satellite peaks (identified as
Sat), which indicates that the surface of the sample mainly
exists in the form of Mn**. Meanwhile, the peaks at around
856.2 eV (2psz,) and 873.9 eV (2pi,) with two Sat peaks at
861.2 eV and 881.8 eV in the Ni 2p spectrum (Fig. 4(c)) suggest
the presence of Ni*".** Three peaks centered at 531.2, 532.5,
and 533.7 eV in the O 1s region (Fig. 4(d)) are represented as the
Ni (Mn)-O bonds, O—C-O groups of the tris-benzoic acid
linkers and surface absorbed water, respectively. Fig. 4(e) shows
the C 1s spectrum of the NiMn-3 MOG; two peaks appearing at
284.8 and 285.9 eV are ascribed to the benzoic rings of tris-
benzoic acid ligand and the 0=C-O groups,*” respectively, and
the peak at 296.5 eV can also be assigned to the p-p* con-
jugative effect of the tris-benzoic acid. However, the N 1s
(Fig. 4(f)) signal in NiMn-3 MOG is related to the adsorbed
C-N from the tris-triethylamine ligand.

Nitrogen adsorption measurements were carried out to
study the specific surface area and porosity of the prepared
NiMn-3 MOG. For NiMn-3 MOG, under the relative pressure of
P/P, = 0-1, it is clearly observed that there is a typical H3 type
magnetic hysteresis between adsorption and desorption
branches (Fig. 5(a)). Fig. 5(b) shows that the pore size distribu-
tion of NiMn-3 MOG (20.37 m” g~ ') is basically concentrated in
the range of 2-50 nm, and the average pore size of the sample is
13.09 nm, so the prepared NiMn-3 MOG samples are meso-
porous. The curve of ring-type III further indicates the presence
of a certain mesoporous and macroporous structure.

Electrochemical performance of NiMn MOG-based electrode

To investigate the electrochemical performance of the Ni-Mn
MOG composite, CV tests were performed for NiMn-4 MOG,
NiMn-3 MOG, NiMn-2 MOG, NiMn-1 MOG, Ni MOG and Mn
MOG samples at the scan rate of 10 mV s~ ' in 6 M KOH. The CV
curves of these samples are shown in Fig. 6(a) and Fig. S5
(ESIT). The potential of the oxidation peak of each CV curve
relative to SCE is close to 0.456 V vs., and the potential of the
reduction peak relative to SCE is 0.267 V vs. which are related to
the combination of metal ions with the carboxyl group in the
ligand, and exposed metal sites in the aerogel.>> Compared
with NiMn-4 MOG, NiMn-2 MOG, NiMn-1 MOG, Ni MOG and
Mn MOG samples, the CV curve of NiMn-3 MOG is larger,
which reveals a higher specific capacitance. Fig. 6(b) and Fig. S6
(ESIt) present the GCD curves of samples at a current density of
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1 A g '. From the GCD data, the calculated specific capaci-
tances of NiMn-1 MOG, NiMn-2 MOG, NiMn-3 MOG, Ni MOG
and Mn MOG are 270 F g ', 464.4 F g7', 6922 F g},
398.6 Fg ', 207.1 Fg 'and 69.6 F g~ " at 1 A g ' by using
formula (1). The highest specific capacitance of NiMn-3 MOG
was attributed to the laminated nanosheets, exposed metal
sites and the high specific surface formed by aerogel, supplying
adequate electroactive sites for the electrochemical reaction
and a rapid channel for electrolyte diffusion.?® Fig. 6(c) shows
the CV test at various scan rates to estimate the rate capability
of the NiMn-3 MOG composite. As the scan rate and current
density increase, the anode and cathode peaks move more
towards the anode and cathode positions. This is due to the
polarization effect of fast and ohmic resistance, which under-
goes a rapid and reversible redox reaction at the electrode/
electrolyte interface.’” In addition, as the scan rate increases
from 10 mV s ' to 90 mV s ', a pair of redox peaks are
definitely displayed in the CV curve, indicating the existence
of a reversible Faraday reaction and pseudo-capacitance beha-
vior. With the increase in the scan rate, the peak position shifts,
while the shape of the CV curve remains basically unchanged,
revealing that NiMn-3 MOG possesses a good rate performance
and electrochemical stability. As we all know, the charge
storage kinetics can be determined from the dependence of
the current (i) on the scan rate (v): i = av”, where the b values of
0.5 and 1 delegate the diffusion and capacitive processes,
respectively.’®*° The electrode of NiMn-3 MOG displays b
values of anodic and cathodic peaks of roughly 0.702 and
0.689, indicating that NiMn-3 MOG has pseudo-capacitance

© 2021 The Author(s). Published by the Royal Society of Chemistry
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properties (Fig. S7, ESIf). The constant current charge/dis-
charge curve of NiMn-3 MOG aerogel is shown in Fig. 6(d).
The NiMn-3 MOG composite exhibits specific capacitance
values of 692.2 F g¢°', 644 F ¢!, 612.6 F g !, 576 F g7,
540.4 F ¢! and 516.6 F ¢! at current densities of 1 A g™,
2Ag Y, 3Ag ,5Ag ", 7A¢g "and 9 A g ', respectively. The
specific capacitance reaches the highest value of 692.2 F ¢~ ' at
a current density of 1 A g, which is quite or even higher than
the previously reported supercapacitors of aerogel materials.
This is may be ascribed to electrolyte ions that could permeate
into the internal composition of the electrode at a lower current
density, while at a higher current density, the insufficient
internal resistance and dynamics lead to the lower utilization
of the active substance. Finally, the specific capacitance of the
NiMn-3 MOG composite gradually decreases with increasing
current density.

The electrochemical performance of Ni-Mn MOG composite
was also probed via the GCD test at different current densities for
comparison. The capacitance of Ni MOG, Mn MOG, NiMn-1
MOG, NiMn-2 MOG, NiMn-3 MOG, and NiMn-4 MOG at the
current densities from 1 A g™ " to 9 A g~ is shown in Fig. 6(e) and
Fig. S8 (ESIf). Even at a high current density of 9 A g%, the
specific capacitance of NiMn-3 MOG can still be maintained at
516.6 F g~ ', which is 74.6% of the maximum specific capacitance
while the current density is 1 A g~'. Based on the specific
capacitance at the current density of 1 A g™, the Cy, values at
9 A g ! for Ni MOG, Mn MOG, NiMn-1 MOG, NiMn-2 MOG,
NiMn-3 MOG, and NiMn-4 MOG samples are 62.7%, 66.8%,
60.66%, 72.4%, 74.6% and 67.2%, respectively. Furthermore,
the conductivity of NiMn-3 MOG was measured using a Four
point probe resistivity tester (SZT-2A) and the material exhibits the
highest conductivity (1.12 S m™"). This may be attributed to the
structure of the nanosheets, which is more conducive to ion
transport and charge transfer (Table S1, ESIt). The experimental
results clearly testify that NiMn-3 MOG has maximum rate cap-
ability and conductivity, which can be attributed to the structure
of stacked nanosheets and coordination of bimetals and changing
the molar ratio of Ni-Mn. The great compatibility and flexibility of
the MOG improve the charge transfer efficiency and accelerate the
dynamics of the redox reaction. Electrochemical impedance
spectroscopy (EIS) was tested to further study the electrochemical
behavior of Ni MOG, Mn MOG, NiMn-1 MOG, NiMn-2 MOG,
NiMn-3 MOG, and NiMn-4 MOG electrodes and the mechanism
of Kkinetic electroactive substances. In this research, for EIS
measurement, the frequency range is from 0.01 Hz to 10 000 Hz
(Fig. 6(f)). The obtained samples all show a small equivalent
series resistance caused by the lower resistance, and NiMn-3
MOG displays the smallest bending radius at high frequencies,
indicating a smaller inherent resistance and excellent con-
ductivity. Moreover, at low frequencies, the slope of NiMn-3
MOG is closer to the —Z” (ohm) axis, revealing the lower diffusion
resistance and better reversibility for charge transfer.*’

Electrochemical performance of asymmetric supercapacitors

To further evaluate the practical application of NiMn-3 MOG,
an asymmetric supercapacitor was assembled with NiMn-3

© 2021 The Author(s). Published by the Royal Society of Chemistry
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MOG as the positive electrode and AC as the negative electrode
to test the electrochemical performance in 6 M KOH. Fig. S9
(ESIf) shows the electrochemical characteristics of the AC
electrodes in a three-electrode device. The CV curve of the AC
electrode is almost rectangular with a potential window
from —1.0 to 0 V at different scan rates, presenting the
characteristics of an electric double layer capacitor. To find
the stable voltage of the NiMn MOG-3//AC device, CV curves of
Fig. 7(a) measured in the three-electrode mode are combined
together. It is expected that the NiMn-3 MOG//AC device
reaches an operating voltage, which is as high as 1.7 Vin a
three-electrode device. Fig. 7(b) further shows that the potential
window is flexible with the maximum operating voltage window
reaching 1.7 V. Fig. 7(c) shows the CV curve of NiMn-3 MOG//AC
at scan rates of 10, 20, 30, 50, 70 and 100 mV s~ *. Even at a high
scan rate of 100 mV s ', the shape of the CV curve remains
regular and unchanged, indicating that the device has low
internal resistance and fast redox.*" The symmetric GCD curves
(Fig. 7(d)) under different current densities present excellent
electrochemical reversibility. The specific capacitances are
218.3, 137.8, 91.2, 34 and 8.23 F g™ ' at the current densities
of 1,2, 3,5, and 7 A ¢ '. In addition, after 5000 charge and
discharge cycles of the ASC device, the capacitance retention
rate is 84.6% (current density of 6 A g~ ') as shown in Fig. 7(e).
Energy density and power density are important evaluation

(a) — (b)0-04 =573

0.08- ——NiMn MOG

Current(A)
e
=3
<
Current (A)

-0.024

-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 00 04 08 12 16
Potential (V) Potential (V)

—1Ag
—2Alg
—3Alg

—2mV/s
0.04] —5mVis

z — 10mV/s 311' ——5Alg
= 0.02 —20mV/s ] 0.9 —7Alg
é —40mV/s E
£ 0.00 £
(3 £ 0.6
-0.02 0.3
0041 . . . . 0.0 . . . .
00 04 08 12 16 0 200 400 600 800
Potential (V) Time(s)
(e) (f)
0804 ~ 1004
580 \ S M
= ~ i
= 40 \.\ 5 80 84.54%
3 . E (g)
£ o — | 2 O
Z g
g g 40
g
401 H
2 5 20
5 ]
=80 2
= S o
0 1500 3000 4500 6000 0 1000 2000 3000 4000 5000
Power intensity / W Kg! Cycle number
Fig. 7 (a) CV curves of NiMn-3 MOG and AC electrodes performed at a

scan rate of 20 mV st in a three-electrode set-up, (b) CV curves of the
asymmetric supercapacitor at different potential windows at a scan rate
of 20 mV s% (c) CV curves of the device at different scan rates,
(d) galvanostatic charge/discharge curves of the ASC at various current
densities, (e) Ragone plot of the NiMn-3 MOG asymmetric supercapacitor,
(f) cycling stability of the as-fabricated device over 5000 cycles at a current
density of 5 A g~* and (g) photograph of the powering LED light.
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factors for the energy storage performance of supercapacitors.*>
Fig. 7(f) shows the ragone diagram calculated by using the
NiMn-3 MOG//AC device. Energy density and power density are
calculated using formulas (3) and (4), respectively. The NiMn-3
MOG//AC equipment exhibits excellent performance, with a
power density of 849 W kg™ " (current density of 1 A g~ '), and
the maximum energy density reaches 87.5 W h™". These values
are comparable or better than those recently reported by other
ASC devices (Fig. $10, ESIf) such as LaMnO;@NiCo,0,/Ni//AC*?
(36.6 W h kg™ at 800 W kg™ ), MnNiDH//AC** (58.53 W h kg ™"
at 0.8 kW kg™ ') and NiCoMn LDH/rGO//AC* (92.8 W h kg™ " at
0.46 kW kg ) and Mn,;-Ni-MOF//AC*® (39.6 W h kg ' at
143.8 W kg~ '). Furthermore, after the assembled ASC device is
charged/discharged 5000 times, the capacitance still remains at
84.6% and exhibits an excellent cycle life (Fig. 7(f)). In order to
verify the practical application of ASC devices, the LED lights can
be successfully lit (Fig. 7(g)) by connecting three ASC devices in
series, which proves that the NiMn-3 MOG materials have broad
prospects in energy storage devices.

Conclusions

In summary, conductive NiMn MOG materials were success-
fully synthesized via the self-assembly method of central metal
ion and flexible organic ligand at room temperature. The
laminated nanosheets obtained by adjusting the molar ratio
of Ni** and Mn>" can improve electrochemical activity and ion
diffusion which endowed the high specific capacitance, great
conductivity, excellent cycle stability and rate performance. In
addition, the assembled device, NiMn MOG//AC, exhibits a
higher energy density and preserves great cycling stability.
Combining simple, green experimental synthesis and high
energy density of the material, NiMn-3 MOG composites have
the potential to become a material for practical energy storage
devices.
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