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ABSTRACT

Porous carbon sheets have wide application prospects in many fields, especially in energy storage of
supercapacitor due to the features combining both 2D structure and porous architectures. Herein, a
self-deposition approach is proposed to obtain N-doped mesoporous carbon nanosheets (N-MCNs), using
3-aminophenol (3-AF) as precursor and Mg(OH), sheet as hard template. This process realizes the direct
carbon formation using 3-AF monomer as carbon precursor under the catalysis of hard template avoiding
the polymerization and utilization of solvent. The mass ratio of 3-AF to Mg(OH), plays an important role
in determining the pore structures and the resulting capacitance behavior. The results show that N-MCNs
with a mass ratio of 3-AF and Mg(OH), of 1:1 have good electrochemical behavior for supercapacitors.
This N-MCNs based electrode exhibits a high capacitance of 240 F-g! at 1 A-g~!, good rate performance
(75.4% retention ratio at 20 A-g~ '), and high cycling stability with 98.3% initial capacitance retained after
10000 cycles. Symmetric supercapacitors on N-MCNs achieve energy density of 18.2 W-h-kg~! and power
density of 0.4 kW-kg~! operated within a wide potential range of 0-1.6 V in 1.0 mol-L~! Na,SO, solution,
exhibiting its potential for electrode materials with high performance.

© 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Porous carbon materials have attracted extensive attention in
science and technology in recent years because of their high sur-
face areas, excellent electrical conductivity, chemical stability
and grading performance [1,2]. Especially, owing to their excellent
electrical conductivity, tailor ability, inexpensiveness and versatil-
ity, porous carbon materials have been obtained widely attention
in supercapacitor [3,4]. Based on the differences in the structures
and surface properties of porous carbon materials and the elec-
tron/ion transport mechanism, porous carbon materials with dif-
ferent sizes and structures would exhibit different
electrochemical properties [5-8]. Moreover, among the functional-
ized carbon materials, the nitrogen-doped ones with electrochem-
ically active nitrogen species are intensively investigated. N-
containing functional groups can increase the electronic charge
density of graphene and favor proton adsorption in the acidic
electrolyte.

* Corresponding authors.
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Among the various kinds of carbonaceous materials with
diverse morphology, 2D mesoporous carbon nanosheets (MCNs)
with thin thickness, porous structure and unusual layered struc-
ture, abundant and accessible active site, open pores, as well as
unique electronic properties, making them potential candidates
for energy storage in supercapacitor [9-12]. Therefore, it is very
important to construct MCNs reasonably, and some effective meth-
ods have been developed. The hard template method is the most
effect approach for preparation of MCNs due to can be controlled
by adjusting the size or shape of the template [13-15]. Many hard
templates with layered structure have been used to prepare carbon
sheets, such as porous silica, layered metal oxide, NaCl, Mg(OH),,
MoS, nanosheets, and so on [16-18]. However, these templates
must be synthesized before use, and they will be etched by a large
amount of corrosive acids after carbonization, resulting in complex
production processes and serious environmental pollution. In addi-
tion, the solvent including N, N-dimethylformamide, acetone, etha-
nol, tetrahydrofuran, or water, etc. are pre-requisite for assembling
carbon precursors on hard templates. Unfortunately, the organic
solvents using is harmful to the environment and the polymeriza-
tion time is relatively long, making operations uncontrollable. The
resin generally need polymerization, and formaldehyde is also the
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needed raw in the polymerization reaction. However, formalde-
hyde is harmful to the environment and human health, which lim-
its the development of resin-based materials for the production of
MCNs [19,20]. Therefore, choosing an inexpensive template and
simplifying the preparation process are the inevitable choices for
the hard template to prepare MCNs.

Herein, we developed a self-deposition process that directly
uses 3-aminophenol (3-AF) monomers as carbon precursors and
cheap Mg(OH), as hard templates to prepare N-doped mesoporous
carbon nanosheets (N-MCNs) by solid grinding. Unlike the previ-
ous template methods, we use monomer as carbon precursor with
avoiding the utilization of solvents and toxic formaldehyde to
simplify the preparation process. Under the action of the catalytic
Mg(OH), nanosheet, the 3-AF monomer can be directly converted
into the carbon skeleton on the template surface during the pyrol-
ysis process. Moreover, the solid grinding process is convenient for
large-scale production as a solvent-free method. The obtained N-
MCNs completely copy the template’s morphologies, possesses
uniform mesoporous, high surface area and N-doping, which will
benefit for high diffusion of ions and improve the electrochemical
performance as electrode materials in supercapacitor.

2. Experimental
2.1. Materials

Magnesium chloride hexahydrate (MgCl,-6H,0), sodium car-
bonate (Na,COs), and hydrochloric acid (HCl, 36% (mass)) were
purchased from Tianjin Yongda Chemical Corp., China. 3-
Aminophenol was purchased from Aladdin Corp., China.

2.2. Preparation of Mg(OH), sheets

Na,COs3 solution was dropwise added to MgCl, solution under
continuous stirring (Na,CO5; and MgCl, with 1:1 molar ratio). After
stirring at room temperature for 4 h, the precipitate MgCO3 was
collected by centrifugation, followed by washing and drying of
the sample. MgO rods were then obtained by calcining MgCO;
under air atmosphere at 500 °C for 2 h. 0.2 g the as-prepared
MgO rods were homogeneously dispersed in 120 ml deionized
water and stirred for 3 h, the precipitate Mg(OH), sheets were col-
lected by centrifugation, followed by washing and drying of the
sample.

2.3. Preparation of N-MCNs

N-MCNs were prepared via the template method using
Mg(OH), as the template and 3-aminophenol (3-AF) as carbon
and nitrogen precursors. Typically, for preparation of N-MCNs-1,
0.5 g Mg(OH), and 0.5 g 3-AF were mixed by grinding for 20 min
in an agate mortar. Subsequently, the 3-AF/Mg(OH), composite
was carbonized by heat treatment at 800 °C with rate of 5 °C-min~".
The N-MCNs was obtained after etching the templates by 2 mol.L ™!
HCl solution. The mass ratios of Mg(OH),/3-AF were 1:0.5, 1:1, 1:2,
and the obtained samples were named N-MCNs-0.5, N-MCNs-1,
and N-MCNs-2, respectively.

2.4. Characterization

Scanning electron microscopy (SEM) analysis was conducted
using an S-4800-I (Hitachi, Japan) scanning electron microscope.
The morphology and microstructure of samples were investigated
by transmission electron microscopy (TEM, JEM-2100, JEOL, Japan).

Nitrogen adsorption-desorption isotherms were carried out on a
TriStar 3020 instrument (Micromeritics, USA) at —196 °C. The
Brunauer-Emmett-Teller method was used to calculate the speci-
fic surface area, while the Barrett-Joyner-Halenda method was
applied to analyze the pore size distribution using the desorption
branch of isotherm. The total pore volume was obtained from the
amount of N, adsorbed at the relative pressure (P/Py = 0.97). X-
ray photoelectron spectroscopy (XPS) was conducted on a ESCALab
250Xi system (Thermo Fisher Scientific, USA) using an Al-K,, radia-
tion under a vacuum of 3 x 1078 Pa.

2.5. Electrochemical measurements

The working electrode was prepared by coating the viscous
slurry (samples, carbon black and polytetrafluoroethylene with
the mass ratio of 8:1:1 in ethanol) onto a Ni foam current collector.
The mass of active material loaded on each working electrode was
4-5 mg after drying at 100 °C for 12 h. Electrochemical measure-
ments were carried out in both three-electrode and two-
electrode systems using an electrochemical workstation (CHI
760E, Chenhua Instruments, Shanghai, China) with 6 mol.L!
KOH solution as the electrolyte. For the three-electrode system,
Pt wire and Hg/HgO were used as the counter and reference elec-
trodes. For the fabrication of supercapacitor devices, two slices of
electrodes were immersed in 1 mol-L~! Na,SO4 and were sepa-
rated by a filtration paper, then tested by the current collector.

Electrochemical performances were evaluated by cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD), and electrical
impedance spectroscopy (EIS) analysis. For the two-electrode sys-
tem, the specific capacitances (C, F-g!), energy density (E,
W-h-kg~1), and power density (P, W-kg') were calculated by the
following equations: C = IAt/AVm, E = 0.5C (AV)?/3.6 and P = E/
At, where I (A), At (s), AV (V), and m (g) are GCD current, discharge
time, voltage window, and mass of the active material, respec-
tively. In the three-electrode system, the specific gravimetric
capacitance according to the GCD measurements: C = IAt/AVm.

3. Results and Discussion
3.1. Characterization of N-MCNs samples

Fig. 1(a) shows the fabrication processes of N-MCNs by self-
deposition strategy using 3-AF monomer as carbon precursor and
Mg(OH), as template. The carbon precursor of 3-AF monomer
was mixed with Mg(OH), nanosheets by simple solid-solid grind-
ing. The 3-AF can be adsorbed by Mg(OH), nanosheets due to the
interaction between hydroxyl group in Mg(OH), and amino in 3-
AF. During pyrolysis (Fig. 1(b)), 3-AF will be decomposed into small
molecular carbon species while Mg(OH), is gradually decomposed
with increasing temperature and is transformed into MgO (Fig. 1
(c)) [16]. Owing to the catalysis of Mg species on carbon deposition,
the small molecular carbon species will be deposited on the MgO
nanosheets, forming composites of MgO and carbon (Fig. 1(d))
[21,22]. In addition, due to the inhomogeneous deposition of car-
bon and shrinkage of Mg(OH),, the carbon layer shows rich meso-
porous structure.

Fig. 1(e) illustrated the SEM images of N-MCNs-1 obtained by
mass ration of Mg(OH), to 3-AF. The SEM image of Mg(OH), can
be seen from Fig. S1 (in Supplementary Material), indicating its
irregular nanosheets and the realization of carbon deposition on
Mg(OH), nanosheets. The crude surface of N-MCNs-1 indicted
the uneven deposition of carbon precursors. From the low-
magnification TEM image (Fig. 1(f)), the N-MCNs-1 shows inter-
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Fig. 1. lllustration of the synthesis routes for N-MCNs (a,b); XRD patterns of MgO (c) and MgO/C (d); SEM image (e), TEM images (f,g), and XRD pattern (h) of N-MCNs-1; and

N, adsorption-desorption isotherms (i) and pore distribution (j) of the N-MCNs.

secting sheet with rich mesoporous. Furthermore, N-MCNs-1 also
shows a certain graphitization structure seen from Fig. 1(g) due
to the catalysis of MgO at high temperature [14]. To confirm the
structure of N-MCNs-1, XRD patterns are depicted in Fig. 1(h).
Two broad diffraction peaks can be observed around 26° and 43°,
which can be assigned to the planes of graphitization structure,
consisting with the TEM.

Moreover, the mass ration of Mg(OH), to 3-AF also plays an
important role for the mesoporous structure. The textural proper-
ties of N-MCNs were analyzed by nitrogen isothermal adsorption-

Table 1
Detail properties of N-MCNs.

desorption measurements. The isotherm of N-MCNs (Fig. 1(i))
shows a type of IV adsorption-desorption isotherm with obvious
H3 hysteresis loops in the range of ca. 0.4-0.9 P[Py, suggesting
the presence of a large number of mesoporous [23,24]. Further-
more, the corresponding pore size distribution curve of N-MCNs
confirms its mesoporous with pore size of ~4.6 nm as shown in
Fig. 1(j). Moreover, another pore size also can be found at 10.1-
15.6 nm, which may be attributed to the stacking of sheets. The
detail properties of N-MCNs sample was presented in Table 1. It
is obvious that these N-MCNs samples possess a large percentage

Sample Sper/m2.g ! Smicre2m?.g ! V@/cm?.g! Viiero@/cm?>-g ! Pore size®/nm
N-MCNs-0.5 872 411 1.2 0.13 4.6

N-MCNs-1 1387 612 2.8 0.13 4.6/15.9
N-MCNs-2 774 377 1.5 0.13 4.6/15.6

@ Micropore surface area determined by the t-plot.
@ Total pore volume at P/Py-0.99.
@ Micropore volume.

@ BJH method was applied to analyze the pore size distribution using the desorption branch of the isotherm.



J. Du et al./ Chinese Journal of Chemical Engineering 55 (2023) 34-40 37

of mesoporous structures. Mesoporous carbon architectures are
suitable candidates for exploring supercapacitor performance with
various kinds of electrolytes. The N-MCNs-1 shows the highest
specific surface area and pore volume, indicating proper mass ratio
of Mg(OH), to 3-AF is crucial to its porous structure. The N-MCNs-
0.5 shows a smaller specific surface area, which might be due to
insufficient carbon precursor filling the hard template. At the same
time, the surface area of N-MCNs-2 also decreases slightly, indicat-
ing that too many monomers lead to low efficiency. Using this self-
deposition method, carbon nano rod (N-CR) also can be prepared
using MgO rod as hard template. As show in Fig. S2(a), the N-CR
had a rod-like structure. In addition, the N, adsorption isotherm
(Fig. S2(b)) with a typical H3 hysteresis loop and pore distribution
(Fig. S2(c)) confirm its mesoporous structure.

XPS was used to further study the surface composition of N-
MCNs-1, and the corresponding test results are shown in Fig. 2.
Three peaks at 284.9, 532.3, and 400.9 eV were corresponded to
C1s,N 1s, and O 1s in N-MCNs-1 (Fig. 2(a)), respectively. As esti-
mated by the XPS results, the atom percent of nitrogen is 1.5 for
N-MCNs-1. In C 1s spectra, four sub-peaks of (=0, C—0, C—N/
C—C, and graphitic C at 289.9, 286.1, 285.5, and 284.6 eV can be
deconvoluted (Fig. 2(b)). High-resolution O 1s spectra for the N-
MCNs-1 reveals the assignments of three types of O defects
(Fig. 2(c)), corresponding to C=0, C—0 and hydroxyl oxygen at
532.9,531.1 and 534.7 eV, respectively. As shown in Fig. 2(d), three
binding energies of 398.2, 400.2 and 404.0 eV can be attributed to
pyridinic-N, pyrrolic-N, and quaternary-N in N-MCNs-1, respec-
tively [25,26].

3.2. Electrochemical performance of N-MCNs samples

The features of regular flake morphology, porous structure, high
specific surface area and N-containing functional groups can
shorten the distance of charge transfer and increase the electronic

charge density of carbon and favor proton adsorption in the acidic
electrolyte, which make it have good performance in supercapaci-
tors [27-32]. The supercapacitor performance N-MCNs based elec-
trode was tested in a three-electrode system. As illustrated in Fig. 3
(a), calculated from the CV area, the N-MCNs-1 shows the capaci-
tance. At current density of 1 A-g™!, the GCD tests of N-MCNs were
carried out as shown in Fig. 3(b) and calculated by discharge
branches at 1 A.g~! (Fig. 3(b)), the specific capacitance of N-
MCNs-1 electrode is 240 F-g~!, which is larger than that of N-
MCNs-0.5 (162 F-g~!) and N-MCNs-2 (175 F-g~1). The rectangular
shape of CV curves and isosceles triangle of GCD curves indicated
the co-existence of electric double layer capacitance (EDLC) and
pseudo capacitance behaviors. There is no obvious redox peak in
the CV and GCD plots due to the co-existence of three types of
nitrogen species leads to multiple faradaic peaks [33-37]. Fig. 3
(c) shows their good rate capability at the current density from 1
to 50 A-g~!. Among them, the N-MCNs-1 exhibited highest rate
capability (75.4%) and capacitance, which may attribute to its lar-
gest specific surface area and the matching pore structure. At the
open-circuit voltage, further EIS measurements were conducted
(Fig. 3(d)). At the characteristic feature of pure capacitive behavior
can be seen from the low frequency region with inclined line
[20,38-40]. In addition, the fitted result distinctly showed that
the internal resistance values were 0.77, 0.59 and 0.90 Q for N-
MCNs-0.5, N-MCNs-1, and N-MCNs-2, respectively. The results
indicated the advantage of rich mesoporous channel for ion storage
and transportation.

At the scanning rate ranges of 5-200 mV-s~! the CV curves with
nearly rectangular shape for the N-MCNs-1 electrode was obtained
in the potential window of —1.0 to 0 V as shown in Fig. S3(a), indi-
cating its good capacitance performance. The GCD curves indicated
a good capacitance performance of N-MCNs-1 electrode at a cur-
rent density of 1-20 A-g~! as illustrated in Fig. S3(b). As seen, a
small voltage drop (IR drop) of 0.08 V at 20 A-g~! proved the fast
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Fig. 2. XPS pattern of N-MCNs-1 (a); C 1s (b), O 1s (c) and N 1s (d) spectra of N-MCNs-1.
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ion transportation. Some shape deformations can be observed in
both GCD and CV curves due to the presence of Faradaic effects
derived from N-doping features. As plotted in Fig. S3(c), N-MCNs-
1 shows a high capacitance retention rate of 98.3% after 10,000
times of continuous cycling at 5 A-g~!. The GCD curves of the last
10 cycles were almost similar with the first 10 cycles (Fig. S3(c)
inset), which are linear and symmetrical, and show excellent
capacitance performance and long-term electrochemical stability.
Two-electrode cell was also fabricated to investigate the elec-
trochemical performance of supercapacitor in practical applica-
tions based on N-MCNs-1 electrode. The Na,SO,4 electrolyte can
effectively prevent electrode materials floating for a long period
from corrosion and enable a higher working voltage for carbon-
based electrode by reducing capacity attenuation. Moreover, there
is a positive correlation between working voltage and energy den-
sity. Therefore, the symmetric supercapacitor cell based on N-
MCNs-1 material is performed in 1 mol-L™! Na,SO, electrolyte.
CV curves are performed in different voltage ranges to determine
the optimal and stable operating voltage range. Fig. 4(a) shows
the CV curves of as-fabricated symmetric supercapacitors at a scan
rate of 50 mV-s~! in various voltage ranges. At ranges from 0.8 V to
1.8 V, GCD curves of symmetric supercapacitor (Fig. 4(b)) also con-
firm that the ideal electrochemical reversibility. Thus, these above
data suggest that the optimal operating voltage range is 1.6 V.
Fig. 4(c) shows the typical capacitance values of symmetric
supercapacitors at different scanning rates from 5 to 200 mV-s~'.
The CV curves with not changing significantly at a high scan rate
of 200 mV-s~!, indicating the remarkable rate performance proba-
bly owing to the rich mesoporous structure. For the assembled
symmetric supercapacitor, the effective accessibility of electrolyte
ions at high charge/discharge rates can be realized. Furthermore,
the galvanostatic charge/discharge profiles (Fig. 4(d)) of the N-
MCNs-1 also show low IR drop (0.1 V), indicating excellent electro-
chemical reversibility and low internal series resistance. In the
two-electrode cell, the specific capacitance of N-MCNs-1 182 F.g~!
at a current density of 1 A-g~!. Moreover, N-MCNs-1 possesses rel-

ative high capacitance retention of 35.7% (Fig. 4(e)) when current
density increases from 1 to 20 A-g~'. Fig. 4(f) shows the Ragone
plot of the two-electrode cell. The energy density is 18.2 W-h-kg™!
at a power density of 400 W-kg~! and the energy density of N-
MCNs-1 is much higher than those of previously reported carbona-
ceous aqueous symmetric supercapacitor, such as N-doped carbon
nanofibers etc., showing the potential as a supercapacitor material
[6,38,39,41-47].

4. Conclusions

In summary, the N-MCNs have been fabricated via self-
deposition method using 3-AF monomer as carbon/nitrogen pre-
cursor, and Mg(OH), as the hard template. This method can
directly realize carbon formation from 3-AF monomer, avoiding
the polymerization process of resin and the solvent in traditional
methods. The prepared N-MCNs can completely replicate the mor-
phologies of the Mg(OH), template and shows high surface area,
rich mesopores, pore volume and N-doping. These characteristics
make N-MCNs great promising in supercapacitor with high capac-
itance, long cycle life and high energy density. This template
method can be used to realize the self-deposition of monomer into
carbon, which provides a new idea for the preparation of high-
performance carbon-based materials with high efficiency, low cost,
operability and easy implementation. It is also hoped that this N-
MCNs will have a wide application prospect in adsorption separa-
tion or catalyst carrier, etc.
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