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Abstract

Metal-organic frameworks are compounds with a reticulated skeletal struc-
ture formed by chemically bonding inorganic and organic units that are widely
used in many fields, such as photocatalysis, gas separation and energy storage,
because of their unique structures. In this paper, we prepared a metal-organic
framework [(gs-2-methylimidazolyl),»,-Zn(ii)s-HisO10]n(ZM) with well-developed
pores and high specific surface area of MOFs by the solution method. And
MOF-derived porous carbon was prepared by the direct charring method in
an argon atmosphere using a mixture of ZM, ZM and potassium citrate as
carbon precursors. Characterization analysis revealed that the maximum spe-
cific surface area of ZMPC-800-1:15 was 2014.97 m*g™', and the pore size struc-
ture was mainly mesoporous. At a current density of 1.0 A-g™' the specific ca-
pacitance of ZMC-800 and ZMPC-800-1:15 was 121.3 F-g™! and 226.6 F-g”!,
respectively, with a substantial increase of 86.8%. The specific capacitance of
ZMPC-800-1:15 decays to 168.8 F-g™!, with a decay rate of 25.5%, when the
current density increases to 10.0 A-g™'. After 5000 constant current charge/ dis-
charge cycles, the capacitance retention rate was still 96.41%. These results
prove that the application of MOF-derived carbon materials in future super-
capacitors is very promising.

Keywords

Metal-Organic Framework, Room Temperature Solution Method, Derived
Composite Porous Carbon, Electrochemical Performance, Supercapacitor
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1. Introduction

With the continuous development of supercapacitor electrode materials, com-
posite materials, metal oxides, functional carbon materials and conducting po-
lymers have been successfully applied to supercapacitors [1] [2]. Among them,
carbon materials have abundant pore structures, excellent electron transport and
stable chemical properties [3]. The excellent property of carbon materials is de-
termined by the structure of the carbon source, charring temperature and char-
ring time [4] [5]. The high specific surface area and well-developed pore struc-
ture of conventional carbon materials comply with the requirements of bilayer
structures for charge transfer and high specific capacitance, but there are certain
deficiencies in pore size regulation and specific surface area utilization [6].

MOF materials are crystalline framework structures synthesized by assem-
bling metal clusters/ion-organic ligands that have the advantages of high porosi-
ty and a large specific surface area, but the stability of their frameworks is gener-
ally poor, and the framework structure is prone to collapse during high-temperature
carbonization, resulting in the degradation of the specific surface and porosity as
well as the electrochemical properties of the derived porous carbon, which af-
fects the application of carbon materials derived from MOFs in supercapacitors
[7]. Therefore, it remains a popular research topic to study and development of
high energy storage porous carbon derived from MOFs [8] [9] [10].

Hong, S. et al [11] synthesized layered porous carbons (HPCs) by direct char-
ring zinc-based MOFs, which have a specific surface area of 1000 - 1820 m?g™
and are microporous, mesoporous and macroporous. At a scan rate of 10
mV-s7, the specific capacitance of HPCs is 164 - 203 F-g™'. Layered porosity and
nitrogen doping in HPCs were shown to improve their conductivity and specific
capacitance. Zhong, S. et al. [12] prepared multilayer porous carbon by calcining
Metal-Organic Framework (MOF)/Chitosan (CS) composites and discussed the
effect of chitosan additives on the pore-forming structure. The specific surface
area of NPC-2 is 2375 m?g™', and the pore volume is 2.49 cm®g™'. The degree of
graphitization for NPC-2 is higher than that of NPC without chitosan. The ex-
cellent properties of NPC-2 facilitate rapid ion diffusion and transport. At a cur-
rent density of 0.05 A-g™!, NPC-2 has a high specific capacitance of 199.9 F-g™
and good multiplicative performance in an electrolyte of 1 M H,SO,. At a cur-
rent density of 2 A-g™!, the capacitance loss of NPC-2 was 21% after 10,000
cycles, showing excellent cycling stability of MOF-derived composite porous
carbon NPC-2.

In our study, a metal-organic framework material
[(t2-2-methylimidazolyl)1,-Zn(ii)s-HisO10]. was synthesized by the solution method
to prepare porous carbon derived from a high specific surface area and high po-
rosity by direct carbonization of MOFs and carbonization of MOFs and a potas-
sium citrate mixture, respectively. The energy storage performance of the MOF-de-
rived porous carbon materials can be enhanced by the effect of carbonization-self-

activation of potassium citrate. This study provides experimental data on the
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preparation of high-performance MOF-derived composite porous carbon mate-

rials.

2. Experimental
2.1. Material Preparation
2.1.1. Preparation of Metal-Organic Framework
[(2-2-Methylimidazolyl)12-Zn(ii)6-H18010]n
Metal-organic framework [(g,-2-methylimidazolyl)i,-Zn(ii)s-HisO10]n was pre-
pared by the reported method [13]. 1.64 g zinc nitrate hexahydrate was dissolved
in 80 mL of methanol, stirred magnetically for 10 min, and recorded as solution
A. 3.7 g 2-methylimidazolyl dissolved in 80 mL of methanol, stirred magnetically
for 10 min, and recorded as solution B. Solution A was mixed into solution B
dropwise with stirring and observed to form a milky solution, stirred at high speed
at room temperature for 24 h, centrifuged, washed with methanol several times.
Then the products were dried in a vacuum oven at 60 °C for 12 h to get a white
solid powder which is [(t-2-methylimidazolyl),,-Zn(ii)s-HisO10]n, abbreviated
as ZM.

2.1.2. Preparation of ZM-Derived Porous Carbon ZMC-T

The ZM was weighed into a square porcelain boat, transferred to a tube furnace.
Then, we increased it to the desired temperature (600°C, 700°C, 800°C, and 900°C)
for 2 h with the heating rate of 5°C-min™" under an argon atmosphere. After natu-
ral cooling, the products were collected, washed with 1 M hydrochloric acid and
deionized water. Finally, the porous carbon ZMC-T was obtained after drying at
60°C for 12 h, where C stands for porous carbon, and T stands for carbonization
temperature. The charring temperature is determined by the thermogravimetric
(TG) curve of sample ZM, the charring time and the heating rate were deter-

mined according our previous work [14] [15].

2.1.3. Preparation of ZM-Derived Composite Porous Carbon ZMPC-T-A

The ZM powder and potassium citrate were weighed according to different mass
ratios (1:5, 1:15, 1:25) and placed in a mortar and fully ground for 10 min. Then
the mixture transferred to a tube furnace, warmed to different temperatures
(600°C, 700°C, 800°C, 900°C) for 2 h with the heating rate of 5°C min™ under
an argon atmosphere. After natural cooling, the black powder obtained was washed
with HCI (1 M) and DI water three times, thoroughly dried at 60°C overnight and
then labeled as ZMPC-T-A, where P represents potassium citrate, C represents
porous carbon, T represents carbonization temperature, and A represents the mass

ratio of ZM powder to potassium citrate.

2.2. Structural Characterization

X-ray powder diffraction (XRD) patterns of MOF and porous carbon were col-
lected on an X-ray diffractometer (Panaco, The Netherlands) with Cu Ka radia-
tion over the 26 range of 5° - 90°. According to standard SN/T 3078.2-2015, a
thermogravimetric analyzer (Hi-Res TGA 2950, TA, USA) was used to charac-
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terize the thermal stability of the MOF materials under the following test condi-
tions: a nitrogen atmosphere and 30°C - 900°C. Measurements were made using
a Raman spectrometer (JY-HR800, Horiba, Japan) in an excitation wavelength of
532 nm at room temperature. Imaging of the porous carbon materials was per-
formed using an S-4800 field emission Scanning Electron Microscope (SEM) and
a JEOL JEM-2010 high-resolution Transmission Electron Microscope (TEM). Ac-
cording to the GB/T19587—2017/ISO 9277:2010, the specific surface areas, the
pore volume and pore size distribution were measured using ASAP 2020 (Mack
Instruments, USA). X-ray Photoelectron Spectroscopy (XPS) was used to cha-
racterize the surface elemental composition of materials on an Escalab 250Xi
spectrometer (Thermo Scientific, USA).

2.3. Working Electrode Preparation

ZMPC-T-A, acetylene black and PTFE were weighed according to a mass ratio
of 8.5:1:0.5, and the mass was controlled at approximately 5.0 mg. A suitable
amount of anhydrous ethanol was added to sticky, which was then evenly coated
on a nickel foam sheet, dried under vacuum at 80°C for 24 h, and cooled and

pressed under 15 MPa for 90 s; thus, the working electrode was obtained.

2.4. Electrochemical Performance Test

Selecting of suitable supercapacitor electrode materials, a traditional three-electrode
system of CHI660E electrochemical workstation was used for the electrochemi-
cal measurements. The working electrode was ZMC-T and ZMPC-T-A, the coun-
ter electrode was a platinum sheet electrode (1.5 cm?), while the reference elec-
trode was a glycerol electrode. Cyclic Voltammetry (CV), Galvanostatic Charge-
Discharge (GCD), and electrochemical impedance spectroscopy (EIS) tests were
performed in 6 M KOH electrolyte at different current densities. The specific
capacitance C(F-g™') based on the GCD curve was calculated by Equation (1):

l-At
C= 1
m-AV W

where C specific capacitance (F-g™'); £ discharge current (A); Az discharge time
(s); m: mass (g); A V- voltage change (V).
The specific capacitance C (F-g™') based on the CV curve can be calculated by
Equation (2):
= —I ! (V) dv (2)
2-vmAV

where: £ current as a function of voltage (V); v: scan rate (mV-s™).

3. Results and Discussion
3.1. Physical Phase Analysis

3.1.1. XRD and TG-DTA Analysis of ZM
The X-ray diffraction pattern of sample ZM is shown in Figure 1(a). Strong
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Figure 1. (a) XRD and (b) TG curve of ZM.

diffraction peaks appear at 26 = 7.18°, 10.24°, 12.54°, 14.54°, 16.24°, 17.84°,
24.32°, and 26.48°, which indicate that the synthesized ZM has high crystallinity,
and these peaks are basically consistent with the results in the literature [13].
Figure 1(b) shows the thermogravimetric (TG) curve of sample ZM. The test
temperature range is 30°C - 900°C, and the decomposition process is split into
two stages. When the temperature was raised from 34.7°C to 608.9°C, the sam-
ple shows a gentle weight loss in the process of continuous heat absorption, and
a 7.68% mass loss occurs at this stage. This stage is mainly attributed to the eva-
poration of solvent molecules and water molecules in the ZM crystals and the
resulting gas dissipation, resulting in weight loss. As the temperature increases,
the ZM framework gradually collapses and is destroyed at high temperatures,
some of it undergoes charring, and the metal ions contained in the material are
oxidized to become metal oxides. Between 608.9°C and 900°C, 43.9% mass loss
occurs. Charring of the material mainly occurs at this stage, and much stable
carbon material is formed. With a further increase in temperature, the charring
deepens gradually, the metal zinc atoms contained in ZM are oxidized and then
reduced, and the high temperature makes some of them escape by gasification
[16] [17] [18].

3.1.2. XRD Analysis of the Composite Porous Carbon Material
ZMPC-T-1:15

The X-ray diffraction pattern of composite porous carbon ZMPC-T-1:15 was
analyzed in the test range of 20 =5 - 90°, as shown in Figure 2. The composite
porous carbon ZMPC-T-1:15 has an obvious characteristic diffraction peak at 26
= 21.8°, and the (002) peak is substantially shifted to the left compared with
graphite (20 = 26.4°), indicating that the (002) interplanar layer spacing between
the planes of the composite porous carbon has been extended, which is due to
the mild oxidation of the carbon material during the carbonization process and
the successive changes in the morphology of the metal elements in the MOFs at
high temperatures, leading to the distortion of the graphite lattice [19] [20]. The
(002) diffraction peaks gradually increase in intensity with increasing carboniza-
tion temperature, indicating the enhanced structural ordering and graphitization

of the carbon material.
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Figure 2. X-ray diffraction pattern of composite porous carbon ZMPC-T-1:15.

3.1.3. Raman Analysis of Composite Porous Carbon ZMPC-T-1:15

The intensity ratio of the D-band to the G-band (R = Ip/Ig) has become a com-
mon scientific research method as a criterion for estimating the defect content
on the surface of carbon materials [21]. A decrease in R is key evidence of the
deepening of carbonization [22]. Figure 3 shows the Raman spectrum of the com-
posite porous carbon ZMPC-T-1:15. The graphitization degree of a carbon ma-
terial can be characterized by an R value; a higher value of R reflects more de-
fects in the crystal and a lower degree of graphitization. Two obvious diffraction
peaks appear at 1365.4 cm™ in the D-band and 1585.2 cm™ in the G-band, and
the R values of ZMPC-600-1:15, ZMPC-700-1:15, ZMPC-800-1:15 and ZMPC-900-
1:15 are calculated to be 1.94, 1.44, 1.21, and 2.72, respectively. The R-value de-
creases and then increases as the charring temperature increases. This is because
during the high-temperature charring process, the MOF and potassium citrate
structures are bound to undergo chemical bond breakage and structural collapse,
the carbon atoms in the organic ligand fragments formed by the collapse pass
through a series of rearrangements [23] [24], and the carbon materials formed
by the rearrangements increase in graphitization with increasing charring tem-
perature; thus, the R-value gradually decreases. However, a charring temperature
that is too high drives the carbon atoms to rearrange too fast during the charring
process, and the defects produced may increase; thus, the R-value gradually in-

creases.

3.2. Microstructure

3.2.1. Microscopic Morphological Analysis

Microstructural morphology and elemental distribution images of the composite
porous carbon ZMPC-800-1:15 are characterized and shown in Figure 4 using
TEM and SEM. Figure 4(a) and Figure 4(b) shows SEM images of ZMPC-800-1:15
at different scanning magnifications. The material consists of irregular cubic blo-
cks stacked and connected with each other, forming numerous intricate pore
channels at various levels, which give ZMPC-800-1:15 a graded pore structure.

Figure 4(c) and Figure 4(d) shows TEM images of the composite porous carbon
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Figure 3. Raman spectra of composite porous carbon ZMPC-T-1:15.

Figure 4. ((a), (b)) SEM images, ((c), (d)) TEM images and ((e)-(g)) elemental distribu-
tion images of composite porous carbon ZMPC-800-1:15.

ZMPC-800-1:15. Abundant micromesopores are uniformly distributed in dif-
ferent parts of the sample, which indicates that the carbon material has well-deve-
loped pore channels and high porosity, and the edges of the carbon material
show a tendency of thin lamellar graphene, showing that the porous carbon
ZMPC-800-1:15 has a developed pore structure and excellent electrical conduc-
tivity. Porous carbon ZMPC-800-1:15 has a developed void structure and excel-
lent electrical conductivity. It indicated that potassium citrate can provide a part
carbon for the composite porous carbon material, and potassium element is help-
ful to develop pore structure for the composite porous carbon material, which make
the composite porous carbon have a large specific surface area. Figures 4(e)-(g)
shows the elemental distribution of the composite porous carbon ZMPC-800-1:15
in terms of carbon, oxygen and nitrogen. The elemental distribution of oxygen is
relatively small and evenly distributed, and the trace nitrogen is scattered, indi-
cating that the composite porous carbon ZMPC-800-1:15 is a carbon material

formed by abundant carbon as the skeleton, bonded with a small amount of
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oxygen and trace nitrogen. The existence of nitrogen and oxygen elements in the
carbon material can enhance the wettability of the material with the electrolyte

and enhance its electrochemical performance.

3.2.2. N; Adsorption/Desorption

The use of gas adsorption/desorption to characterize the structure of porous solids
and fine powders is an effective tool for scientific research, and a novel approach
based on density flooding theory and molecular simulation allows an accurate
and comprehensive analysis of the pore structure [25]. Figure 5(a) shows the
nitrogen adsorption/desorption curves of porous carbon ZMC-800. The nitro-
gen adsorption-desorption isotherms and the corresponding pore-size distribu-
tion curves of porous carbon ZMC-800 are showed in Figure 5(a) and Figure
5(b). At different carbonization temperatures, the nitrogen adsorption-desorption
isotherms and the pore size distribution curves of porous carbon ZMPC-T-1:15
are showed in Figure 5(c) and Figure 5(d). As shown in Figure 5(c), the com-
posite porous carbon has similar curve shapes at different carbonization tem-
peratures, and the adsorption/desorption curve type is typical Type IV I and IV
according to the six classifications of physical adsorption isotherms by IUPAC.
In Figure 5(c), a steep section of absorption occurs when the relative pressure
(P/Py) is very low (<0.01), which is due to the rapid filling of micropores by ni-
trogen, thus indicating the presence of abundant micropore structures in the

composite porous carbon ZMPC-T-1:15, which displays a hysteresis loop
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Figure 5. ((a), (c)) N2z adsorption/desorption curve and ((b), (d)) pore size distribution
curve of porous carbon ZMC-800 and composite porous carbon ZMPC-T-1:15.
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of type H2. This adsorption behavior is mainly determined by the adsorption
interactions and intermolecular interactions in the condensed state, and the ad-
sorption curve displays a hysteresis loop of type H2, so the mesoporous structure
of the composite porous carbon material can be inferred. When the relative pres-
sure is near 1, the rise of the curve tends to slow down, indicating that ZMPC-T-
1:15 has a small amount of macroporous structure. In summary, the composite
porous carbon ZMPC-T-1:15 is a graded pore material composed mainly of mi-
croporous and mesoporous pores, and the graded pore structure provides the
basis for the material to show excellent electrochemical properties. As seen from
Figure 5(d), the pore size distribution is mainly concentrated in the mesopores
at approximately 3 - 4 nm, while a few large pores also exist, and the pore size
distribution analysis is corresponded with the analysis results of the adsorp-
tion/desorption curves.

The specific surface area and pore characteristics data for porous carbon
ZMC-800 and composite porous carbon ZMPC-T-1:15 are showed in Table 1.
Table 1 shows the specific surface area and pore characteristics data of porous
carbon ZMC-800 and composite porous carbon ZMPC-T-1:15. From Table 1, it
can be seen that ZMC-800 has a specific surface area of 641.25 m*g. The spe-
cific surface area of the material is increased effectively by adding potassium acid
at the same carbonization temperature. The specific surface areas of composite
porous carbon ZMPC-600-1:15, ZMPC-700-1:15, ZMPC-800-1:15 and ZMPC-
900-1:15 were 185.65, 1038.24, 2014.97 and 1681.20 m*g™', respectively, and the
specific surface areas of the material showed a trend of increasing and then de-
creasing. Notably, the specific surface area of ZMPC-600-1:15 is only 185.65
m*g™!, which may be due to the following reasons: the carbon chain of ZM is
broken at a lower carbonization temperature, the rearrangement of carbon
atoms in the carbon chain is not complete, the pore structure of ZM-derived
carbon material is not well developed, the K,O generated by potassium citrate is
not enough to induce carbon skeleton etching and pores, and the extension of
the carbon skeleton produces thick layers of carbon material, decreasing the spe-

cific surface area. After direct carbonization of potassium citrate, the specific

Table 1. Specific surface area and parameter characteristics of porous carbon ZMC-800
and composite porous carbon ZMPC-T-1:15.

Sample SBFJ: Smic_ Stes &_m: mel_ Vmic_ Vines & mae Diverage
(m*g?) (m’g?) (m*g") (cm*g?) (cm’g?) (cm’g™?) (nm)
ZMC-800 64125 6234 57891 0.69 0.02 0.67 7.30
ZMPC-600-1:15 18565  63.65  122.00 0.16 0.03 0.13 3.35
ZMPC-700-1:15 103824  760.90  277.34 0.56 0.35 021 2.15
ZMPC-800-1:15  2014.97  802.50 121247 111 0.35 0.76 2.17
ZMPC-900-1:15  1681.20  1226.18  455.02 0.86 0.56 0.30 2.04

Smes & mac: total surface area of mesopores and macropores, Smic: micropore surface area, Vimes&mac: total pore
volume of mesopores and macropores, Vmic: micropore pore volume.
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surface area of the carbon material is 1940 m?g™ [26], which is slighter lower
than that ZMPC-800-1:15. It indicates that ZMPC-800-1:15 has more active site
with electrolyte ions to participate in the adsorption and desorption process, which
improve the electrochemical performance of the composite porous carbon ma-
terial.

At a higher carbonization temperature, ZM and potassium citrate simulta-
neously undergo the carbonization-self-activation process; that is, ZM and po-
tassium citrate can carbonize at high temperature to form porous carbon mate-
rials, and the gas generated by the decomposition of ZM and potassium citrate
enters between the carbon layers, which dissolves the microstructure of carbon
materials to form certain pore channels. ZM and potassium citrate decompose
and react to produce metal atoms, which help to form the pore structure of car-
bon materials. Finally, the composite porous carbon material ZMPC-T-1:15 with
well-developed pores was formed [26] [27], and it is obvious that the specific
surface area of this composite porous carbon material was substantially higher
than the specific surface area of ZMC-800 [28]. At different charring tempera-
tures, the pore volumes of the composite porous carbon ZMPC-T-1:15 were 0.16,
0.56, 1.11, and 0.86 cm’-g™!, and the average pore diameters were 3.35, 2.15, 2.17,
and 2.04 nm, respectively. Thus, it can be concluded that the composite porous
carbon with high specific surface area and suitable pore size can provide the ba-
sis for the fast ion and electron transport of the electrolyte and substantially im-
prove the electrochemical specific capacity and multiplicity of the composite

porous carbon material.

3.3. XPS Analysis

X-ray Photoelectron Spectroscopy (XPS) is an essential tool used to reveal the
surface properties of substances, and it can investigate the surface elements, their
chemical state and the number of elements based on the binding energy and in-
tensity of the photoelectron peaks [29] [30]. As a surface analysis technique, XPS
is useful in scientific research for analyzing the surface chemical state of carbon
materials with spectra of Cls, Ols, etc. By fitting the binding energy values of
various types of characteristic peaks compared with the known bonding ener-
gies, a detailed understanding of the various bonding types can be obtained [31].
Figure 6 shows the XPS spectrum of the composite porous carbon ZMPC-800-1:15,
and Table 2 shows the XPS analysis data of the composite porous carbon ZMPC-
800-1:15. Figure 6(a) shows that the characteristic peaks of Cls and Ols are lo-
cated at 284.4 eV and 531.9 eV, respectively. Among them, the peak of Cls is
obvious, and Ols presents only a weak peak. Figure 6(b) shows that the propor-
tions of Cls and Ols in both are 95.12% and 4.78%, respectively, with a large
presence of carbon. Figure 6(c) shows the three types of peaks fitted by Cls
[32]: C=C at 284.4 eV (71.57 at %), C-C at 285.1 eV (17.02% at %), and C-O at
286.1 eV (11.40 at %). Figure 6(d) shows the three types of peaks fitted by Ols
[33], which are C=0 (ester) bonds at 531.6 eV, C=0 (carboxyl) bonds at 532.6
eV, and O-C=0 bonds at 533.7 eV, with percentages of 40.36%, 32.87%, and
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Figure 6. XPS spectrum of composite porous carbon ZMPC-800-1:15: (a) XPS full spec-
trum; (b) Content; (c) Cls; (d) Ols.

Table 2. XPS analysis data of composite porous carbon ZMPC-800-1:15.

Element Binding Energy (eV) Content (at %)
284.4 71.57
Cls 285.1 17.02
286.1 11.40
531.6 40.36
Ols 532.6 32.87
533.7 26.77

26.77%, respectively. A brief explanation for not seeing the N element echoes the
TEM discussion.

3.4. Electrochemical Properties

3.4.1. Electrochemical Properties of Porous Carbon ZMC-800 and
Composite Porous Carbon ZMPC-800-A

The electrochemical performance of porous carbon ZMPC-800 and composite

porous carbon ZMPC-800-A is showed in Figure 7. As shown in Figure 7(a),

the GCD curves of porous carbon all show isosceles triangle-like shapes, and the

perfect symmetry of the GCD curves indicates that the carbon materials have

good charge-discharge performance. At different current densities, the decay
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Figure 7. Electrochemical performance test of porous carbon ZMPC-800 and composite
porous carbon ZMPC-800-A: (a) GCD curve at 1.0 A-g™%; (b) specific capacitance decay
curves at different current densities; (c) CV curve at 10 mV-s™'; (d) Nyquist plot.

curves of the specific capacitance of the carbon material are showed in Figure
7(b). At different current densities, the specific capacitance of composite porous
carbon ZMC-800-A is substantially higher than that of porous carbon ZMC-800.
At the current density of 1.0 A-g™, the specific capacitances of porous carbon
ZMPC-800 and composite porous carbon ZMPC-800-T are 121.3, 194.8, 226.6,
215.2 F-g™!, respectively. The capacitance decay of ZMC-800, ZMPC-800-1:5,
ZMPC-800-1:15, and ZMPC-800-1:25 were 27.5%, 20.4%, 24.0%, and 21.4%, re-
spectively, when the current density increased from 1.0 to 10.0 A-g™'. The capa-
citance decay rate of composite porous carbon ZMPC-800-A is smaller which
indicated the good cycling stability of this carbon material. As shown in Figure
7(c), at a scan rate of 10 mV-s™', the CV curves of porous carbon ZMC-800 and
composite porous carbon ZMC-800-A. The porous carbon ZMC-800 and com-
posite porous carbon ZMC-800-A show a certain rectangular shape, which indi-
cate that the porous carbon materials have excellent bilayer capacitance. Among
them, ZMPC-800-1:15 has the largest curve integration area, which is consistent
with the result that it has the largest specific capacitance. The Nernst chart of por-
ous carbon ZMC-800 and composite porous carbon ZMC-800-A is showed in
Figure 7(d). In the low-frequency region, the Nyquist of all porous carbon mate-
rials curve shows a steep straight line, indicating that porous carbon ZMC-800
and composite porous carbon ZMC-800-A have good capacitive behavior. In the

high-frequency region, of the arc on the x-axis at high frequency region is called
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an equivalent series resistance (ESR). The date of experience shows that ERS
values of porous carbon ZMC-800, and the composite porous carbon ZMPC-800-T
AC are 0.67, 1.84, 1.55, and 1.62. Porous carbon ZMC-800 has the smallest re-
sistance, but its lower pore volume and low capacitive characteristics give it ob-
vious limitations. In contrast, since composite porous carbon ZMPC-800-1:15
has the maximum specific surface area and pore volume, the electrolyte ions can
enter into the inner space of the porous carbon, and the active sites of the ma-
terial micropores are the full used, which reveals that composite porous carbon
ZMPC-800-1:15 has a higher specific capacitance and a smaller AC impedance

resistance.

3.4.2. Electrochemical Properties of the Composite Porous Carbon
Material ZMPC-T-1:15

The carbonization temperature during carbonization process plays a crucial role
in the formation of porous carbon. At a current density of 1.0 A-g™!, the GCD
curves of the composite porous carbon ZMPC-T-1:15 is showed in Figure 8(a).
The GCD curves of the composite porous carbon ZMPC-T-1:15 show an isos-
celes triangle shape at different carbonization temperatures, which demonstrates
that the porous carbon ZMPC-T-1:15 has ideal electrochemical properties of a
double layer. At a current density of 1.0 A-g”!, the composite porous carbon
ZMPC-T-1:15 have the specific capacitance of 198.9, 206.3, 226.6 and 180.1 F-g™%,

250
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Figure 8. Electrochemical performance test of composite porous carbon ZMPC-T-1:15:
(a) GCD curve at 1.0 A-g™'; (b) specific capacitance decay curves at different current den-
sities; (¢) CV curve at 10 mV-s™; (d) Nyquist plot.
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respectively, which illustrates a trend of increasing and then decreasing specific
capacitance. This result is due mainly to insufficient charring of the ZMPC ma-
terial at a lower charring temperature and the low porosity of the material, which
corresponds to the smaller pore volume and specific surface area measured at a
low charring temperature. At carbonization temperatures that were too high,
some of the micropores of the composite carbon material ZMPC-T-1:15 collapsed
into mesopores, which decreased its pore volume, specific surface area, and charge
storage capacity. At different current densities, the decay curves of the specific
capacitance of the composite carbon material ZMPC-T-1:15 are showed in Figure
8(b). The specific capacitance decays to 160.4 F-g™', 153.2 F-g”!, 168.8 F-g™!, and
100.2 F-g' with decay rates of 19.3%, 25.7%, 25.5%, and 44.4%, respectively,
When the current density increases to 10.0 A-g™'. At a scan rate of 10 mV-s™', the
CV curves of ZMPC-T-1:15 are showed in Figure 8(c). The curves all have sim-
ilar rectangular shapes, which indicates that the composite porous carbon ZMPC-
T-1:15 has ideal bilayer capacitance at different carbonization temperatures, with
ZMPC-800-1:15 having the largest integration area, showing its excellent capaci-
tive performance. As showed in Figure 8(d), resistance values of ZMPC-T-1:15
are 1.96, 1.72, 1.55, and 2.20 Q, respectively, when the carbonization tempera-
ture are 600°C, 700°C, 800°C, and 900°C, respectively. The porous carbon
ZMPC-800-1:15 composite carbon material shows the lowest resistance value,
which corresponds with its largest specific surface area and electrochemical

properties.

3.4.3. Electrochemical Properties of Composite Porous Carbon
ZMPC-800-1:15

Figure 9 shows the electrochemical tests of the composite porous carbon ZMPC-
800-1:15. When current densities increase from 1.0 A-g™ to 10.0 A-g™!, the con-
stant current charge/discharge curves of the composite carbon material ZMPC-800-
1:15 are showed in Figure 9(a). At different current densities, the GCD curves
show a symmetrical triangular shape, which indicates that the material has good
electrochemical properties of the bilayer. Figure 9(b) shows that when the cur-
rent density gradually increases from 1.0 A-g™' to 10.0 A-g™!, the specific capa-
citance shows a smooth decaying trend, which is mostly attributable to the short
reaction time that became shorter between the electrolyte ions and the carbon
material at high current densities, the microporous charge of the carbon material
is not filled effectively, and the microporous utilization rate of the carbon ma-
terial is reduced. At different scan rates, Figure 9(c) shows the CV curves of
ZMPC-800-1:15 are showed in Figure 9(c). With the scan rate increasing from
10 to 100 mV-s™}, the shape of the CV curves remains similar to a rectangle. As
showed in Figure 9(d), at a current density of 1.0 A-g™', ZMPC-800-1:15 has a
very small attenuation of specific capacitance and the capacitance retention rate
is 96.41% after 5000 cycles. The result of experience indicates the material has
excellent stable cycling stability, which provides an experimental basis for its ul-

tralong cycling stability.
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Figure 9. Electrochemical test of composite porous carbon ZMPC-800-1:15: (a) GCD curves at
different current densities; (b) specific capacitance based on GCD curves; (c) CV curves at differ-
ent scan rates; (d) cycling performance at a current density of 1.0 A-g™".

4. Conclusions

1) The metal-organic framework material ZM was prepared by the solution
method, a mixture of ZM, ZM and potassium citrate was used as carbon precur-
sors, and the porous carbon ZMC-T and composite porous carbon ZMPC-T-A
were prepared by the direct carbonization method at temperatures in the 600°C -
900°C range. The maximum specific surface area of ZMPC-800-1:15 was 2014.97
m?g™, and the material was graphitized amorphous. The pore size was mainly
mesoporous and contained micropores and macropores.

2) At the current density from 1.0 A-g™, the specific capacitance of MOF-de-
rived porous carbons ZMC-800 and ZMPC-800-1:15 was 121.3 and 226.6 F-g™*,
respectively, with a substantial increase of 86.8%. With the current density in-
creasing from 1.0 to 10.0 A-g™', the decay rate of the specific capacitance was
25.5%; the retention rate of capacitance remained 96.41% after 5000 cycles of
constant current charging and discharging, and the composite porous carbon
ZMPC-800-1:15 shown excellent electrochemical energy storage and a stable
multiplication rate and cycling performance. This result of experience provides
date support for preparing composite pour carbon material with a high specific

surface area.
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