
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/3

0/
20

26
 1

1:
17

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Hard template–s
School of Materials Science and Physics, Ch

Xuzhou, 221116, China. E-mail: liuff4069@

† Electronic supplementary informa
https://doi.org/10.1039/d4ra08818b

Cite this: RSC Adv., 2025, 15, 2582

Received 17th December 2024
Accepted 17th January 2025

DOI: 10.1039/d4ra08818b

rsc.li/rsc-advances

2582 | RSC Adv., 2025, 15, 2582–259
alt template double template
preparation of heteroatom-doped hierarchical
porous carbon and its electrochemical properties†

Fangfang Liu, * Fenglei Zhang and Jinan Niu *

Heteroatom-doped hierarchical porous carbon (AF-MMTC) was prepared with hard template and salt

template dual templating agents, and the effects of salt template additions on its micro-morphology,

pore structure, specific surface area and electrochemical properties were investigated. The salt template

not only acts as a template, but also plays the role of a pore-making agent. AF-MMTC5 has a high

specific surface area of 1772 m2 g−1, a 41% microporous content and 1.8 at% nitrogen content. The

electrochemical test results show that the specific capacitance of AF-MMTC5 is 231.9 F g−1 (0.5 A g−1) in

the three-electrode system, and the capacity retention can reach 98.5% after 5000 cycles; in the two-

electrode system, the specific capacitance of AF-MMTC5 can reach 216.3 F g−1 when the current density

is 0.5 A g−1, and the specific capacitance can still reach 172.2 F g−1 when the current density is increased

to 20 A g−1. AF-MMTC5 represents the highest energy density of 4.81 W h kg−1 at the power density of

50 W kg−1. And the capacity retention rates of AF-MMTC5 is 85.1%. The good electrochemical properties

of AF-MMTC5 indicate that it has great potential for application in supercapacitor electrode materials. In

addition, the results provide useful information for the preparation of hierarchical porous carbon with

high specific surface area.
1. Introduction

Porous carbon materials are widely used in many elds such as
supercapacitor electrodes, CO2 solid adsorbents, phase change
materials, wastewater adsorption, electromagnetic wave
absorption and so on due to their high specic surface area,
excellent chemical/thermal stability, developed pore structure
and low cost.1–3 Thanks to its adjustable pore structure,
reasonable pore size distribution and hierarchical porous
structure, porous carbon has great advantages in the applica-
tion of electrode materials for double electric layer capacitors.4–6

In the energy storage process of double layer capacitors,
different pore sizes play different roles, in which micropores (<2
nm) are the main part contributing to the active site and the
specic capacitance of the double layer, mesopores (2–50 nm)
mainly play a role in providing convenient channels for the
diffusion and transport of electrolyte ions, andmacropores (>50
nm) act as the “reservoir” for the electrolyte. The joint collab-
oration of micropores, mesopores and macropores guarantees
the excellent electrochemical performance of porous carbon,7–9

so the hierarchical porous structure with micropores, meso-
pores and macropores and the reasonable distribution of the
ina University of Mining and Technology,
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0

three kinds of pore diameters are the key factors affecting the
electrochemical performance of carbon materials.10,11

The current method for synthesizing hierarchical porous
carbon is mainly activation, but the activation method cannot
control the reasonable pore size distribution of carbon
materials.12–14 The use of the template method can realize the
precise regulation of the pore size of template carbon materials,
but faces the problem of more single pore size,15 so the selection
of two templates with different particle sizes as a double
template to synthesize the hierarchical porous structure of
porous carbon is a simple and effective method. Among them,
the hard template method has the advantages of controllable
morphology and adjustable pore size, while the hard template
also acts as a pore-making agent.16,17 The salt template method
is characterized by the ease of template removal, wide range of
sources and low price, in addition, Na, K, Ca and Mg in the
stabilized salt templates can be used as pore-making agents and
activating agents.18,19 Combining the advantages of hard and
salt templates, therefore, the above mentioned dual template
agents were selected for the preparation of hierarchical porous
carbon. In addition, purely hierarchical porous carbon mate-
rials have hydrophobic surfaces and low chemical reactivity,
which are drawbacks that limit their electrochemical perfor-
mance. Doping of carbon materials using nonmetallic hetero-
atoms such as N, S, O, and B can improve the surface wettability
and chemical reaction activity of carbon materials, as well as
enhance the electrical conductivity and contribute additional
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra08818b&domain=pdf&date_stamp=2025-01-25
http://orcid.org/0000-0002-8370-872X
http://orcid.org/0000-0001-9367-1898
https://doi.org/10.1039/d4ra08818b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08818b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015004


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/3

0/
20

26
 1

1:
17

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
active sites, pseudo-capacitance, thus improving the electro-
chemical performance of hierarchical porous carbon
materials.20–22

In this study, heteroatom-doped hierarchical porous carbon
was prepared by freeze-drying supplemented with high-
temperature carbonization using cetyltrimethylammonium
bromide (CTAB)-modied montmorillonite as the hard
template, potassium chloride as the salt template, chitosan as
the carbon source, ammonium phosphate as the nitrogen
source, and potassium hydroxide as the activator. Among them,
the hard template contributes a two-dimensional layer
morphology, while the salt template is distributed on the
surface of the layer carbon to form small particle size akes, and
the salt template and the hard template synergistically
construct pore structures at different scales. In addition, the salt
templates not only act as templates, but also play the role of
pore-formers, which form pore channels in the carbon layer.
Moreover, N heteroatoms are introduced into the carbon
material, which can signicantly improve the electrical
conductivity and wettability of the carbon material. The coor-
dinated effects of hierarchical porous structure and heteroatom
doping make the AF-MMTC5 exhibits excellent electrochemical
properties. AF-MMTC5 shows a specic capacitance of 231.9 F
g−1 and 216.3 F g−1 at 0.5 A g−1 in three-electrode and two-
electrode systems, respectively. In addition, AF-MMTC5 repre-
sents the highest energy density of 4.81 W h kg−1 at the power
density of 50 W kg−1. The good electrochemical properties of
AF-MMTC5 indicate that it has great potential for application in
supercapacitor electrode materials.
2. Experimental section
2.1 Materials

Cetyltrimethylammonium bromide (CTAB), chitosan
[(C6H11NO4)n], potassium chloride (KCl), hydrouoric acid (HF),
and anhydrous ethanol (C2H6O), analytically pure, Sinopharm
Chemical Reagent Co. Ltd. Montmorillonite (MMT), Zhejiang
Fenghong New Material. Potassium hydroxide (KOH), analyti-
cally pure, Tianjin Zhiyuan Chemical Reagent Co Ltd. Ammo-
nium phosphate trihydrate [(NH4)3PO4$3H2O], analytically pure
and hydrochloric acid (mass fraction 37%), West Hazel Science
Co. Ltd. N-Methylpyrrolidone (NMP, 99.89%), Xilong Science
Co., Ltd. Polyvinylidene uoride (PVDF, 99.95%), conductive
agent (acetylene black, 99.95%), polytetrauoroethylene emul-
sion (PTFE, 60 wt%), 2032 button battery shell, glass bre
separator, cyber electrochemical materials network.
2.2 Preparation process of heteroatom-doped hierarchical
porous carbon

2.2.1 Preparation of modied montmorillonite. 0.5 g of
montmorillonite (MMT) and 0.05 g of CTAB were dispersed in
20 mL deionized water, stirred for 30 min, ultrasonicated for
1 h, and the lower layer of precipitate was collected aer
centrifugation and washed by ltration with deionized water for
3–4 times, and then placed in the oven to be dried overnight to
obtain modied montmorillonite.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2.2 Preparation of heteroatom-doped hierarchical
porous carbon (AF-MMTCs). Modied montmorillonite was
dispersed in 10 mL of deionized water, 0.5 g of chitosan, 0.5 g of
ammonium phosphate, and a certain amount of potassium
chloride (KCl) were added, and stirred for 5–10 min. The
resulting mixture was placed in a freeze dryer to freeze dry. The
dried sample was ground into powder in a mortar, put into
a tube furnace, and heated to carbonization in a N2 atmosphere,
and the temperature was raised to 800 °C and held for 2 h at
a rate of 5 °C min−1. Aer the reaction temperature was lowered
to room temperature, the template/carbon complex was placed
in a 1 MHCl solution and stirred for 12 h. Aer being washed by
ltration using deionized water, the template/carbon complex
was added to a 1 M HF solution and stirred for 12 h. The
template carbon material was obtained by washing with
deionized water and drying at 110 °C. The template carbon and
KOH (C : KOH mass ratio of 1 : 4) were dispersed in 20 mL of
deionized water, stirred for 5–6 min, dried at 110 °C, put into
a tube furnace, and held at 800 °C for 2 h in a N2 atmosphere,
with an increase in temperature rate of 5 °C min−1. Aer the
reaction temperature was lowered to room temperature, the
samples were put into a 1MHCl solution, and stirred for 12 h to
remove unreacted potassium hydroxide and other by-products,
ltered and washed with deionized water, and dried at 110 °C to
obtain the nal product, i.e., heteroatom-doped hierarchical
porous carbon, which was prepared as shown in the schematic
diagram of Fig. 1. The samples obtained with the additions of
KCl in the amounts of 0, 0.5, 1.5, 2.5, 3.5, and 4.5 g were named
as AF-MMTC0, AF-MMTC1, AF-MMTC3, AF-MMTC5, AF-
MMTC7, and AF-MMTC9, respectively.

2.3 Characterization

The eld emission scanning electron microscopy (SEM, Hitachi
SU8220, Japan) was used to observe the morphology of the AF-
MMTCs. The phase characterization of the AF-MMTCs were
conducted employing X-ray diffraction (XRD, D8 Advance,
Bruker AXS GmbH, Germany). The pore structure was charac-
terized by ASAP2020 PLUS HD88(Micrometer, USA). The
elements composition was carried out with X-ray photoelectron
spectroscopy (XPS, Escalab 250Xi, Thermo Scientic K-Alpha).

2.4 Electrochemical performance tests

All electrochemical properties were tested using a CHI760E
(Shanghai Chenhua, China) electrochemical workstation. In the
three-electrode system, the electrolyte was 6 M KOH, and the
fabricated porous carbon samples, Hg/HgO, and Pt were used as
the working, reference, and counter electrodes, respectively.
The electrochemical properties of the prepared samples were
evaluated by cyclic voltammetry (CV, 5–200 mV s−1,−0.8 to 0 V),
galvanostatic charge/discharge (GCD, 0.5–20 A g−1, −0.8 to 0 V)
and AC impedance (EIS, 0.01–105 Hz). The working electrodes
were prepared as follows: porous carbon, acetylene black
(conductive agent) and PTFE (binder) were made into a homo-
geneous slurry (the solvent was ethanol solution) at a mass ratio
of 8 : 1 : 1, and the slurry was coated onto a 1 × 2 cm2 nickel
foam collector, placed in an oven at 110 °C for overnight drying,
RSC Adv., 2025, 15, 2582–2590 | 2583
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Fig. 1 Schematic diagram of the preparation process of heteroatom-doped hierarchical porous carbon.
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and pressed into a sheet at 5 MPa for 4 min to obtain the
working electrodes. The mass loading of the active material was
about 1.8 mg cm−2. Themass specic capacitance of the sample
can be calculated from the GCD curve according to the
following eqn (1):

C = IDt/mDV (1)

where I (A) and Dt (s) represent the discharge current and
discharge time, respectively, m (g) represents the mass of active
material, and DV (V) is the voltage window.

In the two-electrode system, 2032 coin-type symmetrical
capacitor was assembled with 6 M KOH and glass ber as the
electrolyte and separator, respectively. The prepared
heteroatom-doped hierarchical porous carbon, acetylene black
and PVDF (mass ratio = 8 : 1 : 1) are uniformly dispersed in
NMP and grinded to obtain a viscous slurry. It was coated on
graphite paper, vacuum-dried at 100 °C for 2 h to obtain the
working electrode.

The mass specic capacitance of the sample in the two-
electrode system was calculated according to eqn (2):

C = 4IDt/mDV (2)

where I (A) and Dt (s) are the discharge current and discharge
time, respectively,m (g) is the total mass of the active material at
the two electrodes, and DV (V) is the voltage window. The energy
density (Et, W h kg−1) and power density (Pt, W kg−1) of the
symmetrical supercapacitor were calculated by eqn (3) and (4),
respectively:

Et = Ct(DU)2/2 × 3.6 (3)

Pt = Et × 3600/Dt (4)

where Ct (F g−1) is the specic capacitance of the total
symmetrical supercapacitor, DU(v) is the voltage window
excluding the IR drop, and Dt (s) is the discharge time.
3. Results and discussion
3.1 Morphology

SEM images of AF-MMTCs are shown in Fig. 2, which shows
that the surface morphology of AF-MMTC0 prepared without
2584 | RSC Adv., 2025, 15, 2582–2590
the addition of KCl salt templates is relatively rough, but there is
no appearance of pores (Fig. 2a), and the morphology of AF-
MMTC1–9 obtained with different KCl salt template additions is
shown in Fig. 2b–f. It can be seen that in addition to the ake
structure provided by the montmorillonite hard template, small
nanoake morphology appears on the ake structure, which is
mainly contributed by the KCl salt template; in addition to this,
pore structures with different pore sizes appear on the surfaces
of AF-MMTC1–9 compared with AF-MMTC0, which is mainly
due to the fact that the K in KCl can act as an activator and react
with C to etch and create pores. The appearance of a large
number of pore structures can provide abundant active sites for
the adsorption and desorption of electrolyte ions, as well as
convenient channels for the rapid diffusion and transport of
electrolyte ions to further enhance the electrochemical
performance.
3.2 Physical phase, elemental and pore structure analysis

The XRD patterns of the prepared AF-MMTCs samples are given
in Fig. 3a, where a broad slow peak appears at 23–30°, which
corresponds to the (002) crystallographic plane of graphite, and
a broad slow peak also appears near 43°, which corresponds to
the (100) crystallographic plane of graphite, and at the same
time both of them exhibit amorphous carbon characteristics.23

In addition, no other diffraction peaks appear in the XRD
pattern except the two characteristic diffraction peaks of
graphite, indicating that the hard and salt templates have been
completely removed from the AF-MMTCs samples and no other
impurities are generated. In order to analyze the element
composition in the AF-MMTC5 samples, XPS tests were per-
formed, as shown in Fig. S1,† and in the total spectrum, C 1s
(58.1 at%), N 1s (1.8 at%), and O 1s (40.1 at%) diffraction peaks
appeared near 284.2, 400.5, and 532.3 eV,24 suggesting that the
carbonization process has achieved the in situ heteroatom. C 1s
spectra could be tted into C–C (284.8 eV), C–N (286.1 eV), and
C]O/C]C (289.3 eV) (Fig. 3b).25 The N 1s spectra in Fig. 3c
reveals three types of nitrogen bonding at 398.01 eV, 400.2 eV,
and 401.3 eV, attributing to the pyridinic-N, pyrrolic-N, and
graphitic-N.26 As for O 1s in Fig. 3d, there are three peaks of
C]O (531.7 eV), C–O (533.2 eV), and N–O (534.27 eV) in the AF-
MMTC5.27 The doping of N and O heteroatoms not only
contributes to the pseudo-capacitance, but also signicantly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The SEM images of heteroatom-doped hierarchical porous carbon. (a) AF-MMTC0, (b) AF-MMTC1, (c) AF-MMTC3, (d) AF-MMTC5, (e) AF-
MMTC7 and (f) AF-MMTC9.

Fig. 3 (a) The XRD patterns of AF-MMTCs, (b) C 1s, (c) N 1s, (d) O 1s, (e) N2 adsorption–desorption isotherms and (f) pore size distribution of AF-
MMTC5.
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improves the wettability of the carbon material.28 Moreover, the
doping of N atoms enhances the electrical conductivity of the
carbon material while providing additional active sites, which
signicantly improves the electrochemical performance of the
carbon material.9 The nitrogen adsorption and desorption
curves of AF-MMTC5 are shown in Fig. 3e, which belongs to the
IV type isotherm. The rapid increase of the curve at p/p0 < 0.05
indicates that AF-MMTC5 contains a large number of micro-
pores; there is a signicant H4 hysteresis loop between p/p0 =
0.5 and 0.9, which indicates that it also contains abundant
© 2025 The Author(s). Published by the Royal Society of Chemistry
mesopores; and the curve has a slight increase at p/p0 > 0.95,
which indicates that it also contains a small number of mac-
ropores. Fig. 3f shows the pore size distribution of AF-MMTC5,
and it can be seen that in the range of pore size < 2 nm, it
exhibits large pore area, indicating that it contains abundant
micropores, which is consistent with the results of the nitrogen
adsorption–desorption curves; at the same time, in the range of
pore sizes from 2 to 50 nm, the pore area still exists, indicating
that it also contains mesopores. Both the nitrogen adsorption
and desorption curves and the pore size distribution results
RSC Adv., 2025, 15, 2582–2590 | 2585
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indicate that AF-MMTC5 has a hierarchical porous structure
with bothmicropores, mesopores andmacropores, in which the
micropores are the main part contributing to the capacitance of
the double-layer, the mesopores mainly provide convenient
channels for the diffusion and transfer of electrolyte ions, and
themacropores can serve as a reservoir of the electrolyte, so that
the hierarchical porous structure is of signicant importance
for the enhancement of electrochemical performances of
porous carbon materials. Therefore, the hierarchical porous
structure is important for the improvement of electrochemical
performance of porous carbon materials.
3.3 Electrochemical properties

The electrochemical performance of AF-MMTCs was evaluated
using CV, GCD and EIS in three-electrode and two-electrode
systems, respectively, and the electrolytes were all 6 M KOH.
The CV curves of AF-MMTCs at different current densities in
three-electrode system are shown in Fig. S2,† and the CV curves
of all the samples showed a quasi-rectangle shape as the scan-
ning rate was increased from 5 mV s−1 to 200 mV s−1, which
shows good capacitive properties of the double-layer, moreover,
even when the scan rate is increased to 200 mV s−1, the traits of
the CV curves are still not deformed, which indicates that all the
samples have good reversibility of charging and discharging.
The CV curves of AF-MMTCs at a scan rate of 100 mV s−1 are
given in Fig. 4a, whose integral area is positively correlated with
the specic capacitance of the samples, i.e., the larger the
integral area of the CV curves, the larger the specic capacitance
is qualitatively indicated. From the Fig. 4a, it can be seen that
the order of CV curve integral area from large to small is as
follows: AF-MMTC5 > AF-MMTC3 > AF-MMTC1 > AF-MMTC0 >
AF-MMTC7 > AF-MMTC9. In order to quantitatively calculate
the specic capacitance of the mass of the AF-MMTCs, the GCD
test was carried out, and the GCD curves under different current
densities are shown in Fig. S3,† the GCD curves of all samples
showed good symmetry and linearity, presenting isosceles
triangles, indicating that all samples exhibited double capaci-
tance behavior and excellent reversibility of charging and dis-
charging. Fig. 4b demonstrates the GCD curves of AF-MMTCs at
1 A g−1. It can be seen that the order of the discharge time from
longest to shortest is AF-MMTC5 > AF-MMTC3 > AF-MMTC1 >
AF-MMTC0 > AF-MMTC7 > AF-MMTC9, and the integrated area
of the CV curves presents consistent results. The specic
capacitance calculated according to the eqn (1) based on the
GCD curve is shown in Fig. 4c, which shows that the magnitude
of the specic capacitance at different current densities coin-
cides with the integral area of the CV curve and the discharge
time of the GCD curve, i.e., with the increase of the KCl addi-
tion, the specic capacitance of the AF-MMTCs exhibits a law of
increasing and then decreasing, whichmay bemainly due to the
fact that in addition to the role of KCl as a salt template, also
plays the role of an activator. In the electrochemical energy
storage process, different pore sizes exhibit different roles, with
micropores mainly contributing to the active site part, and
mesopores and macropores mainly providing convenient
channels for the rapid transport of electrolyte ions. When KCl is
2586 | RSC Adv., 2025, 15, 2582–2590
added in small amount, KCl will activate the etching to produce
more micropores, thus providing abundant active sites for
electrolyte ions, but when KCl is added in excess, it will cause
transition etching, which makes the formed micropores
connect with each other to form meso-pores or macropores,
which results in the reduction of active sites, and thus affects
the electrochemical performance. The EIS curve of AF-MMTCs
consists of a semicircle in the high-frequency region and
a straight line in the low-frequency region (Fig. 4d), with the size
of the semicircle diameter representing the charge transfer
resistance (Rct), the slope of the straight line representing the
Warburg impedance (W1), and the intercept of the EIS curve
with the x-axis representing the equivalent series resistance (Rs),
the inset shows the equivalent circuit. As can be seen in Fig. 4d,
the Rct of AF-MMTC0, AF-MMTC1, AF-MMTC3, AF-MMTC5, AF-
MMTC7, and AF-MMTC9 is 0.99, 0.94, 0.92, 0.90, 0.96, and 1.07
U, respectively. And the Rs of AF-MMTC0, AF-MMTC1, AF-
MMTC3, AF-MMTC5, AF-MMTC7, and AF-MMTC9 is 0.57,
0.55, 0.54, 0.53, 0.54, and 0.54 U, respectively. The AF-MMTCs
exhibit low Rs and Rct, which is thus favorable for the trans-
port and diffusion of the electrolyte ions through the pores in
the sample. Aer 5000 charge/discharge cycles at 10 A g−1 to
evaluate the cycling stability of the AF-MMTCs, as shown in
Fig. 4e, the capacity retention of AF-MMTC0, AF-MMTC1, AF-
MMTC3, AF-MMTC5, AF-MMTC7, and AF-MMTC9 aer 5000
cycles was 98.8%, respectively, 97.0%, 96.9%, 98.5%, 98.0%,
and 97.9%, respectively, which are all above 95%, showing
excellent cycling stability. The inset of Fig. 4e shows the GCD
curves at the beginning and end of 5000 charge/discharge cycles
of the AF-MMTC5 sample, and it can be seen that the GCD
curves of the AF-MMTC5 sample still maintain good linearity
and symmetry during the long cycling process, which indicates
that it has very excellent charge/discharge reversibility and
cycling stability. Combined with the electrochemical perfor-
mance parameters such as specic capacitance, resistance and
cycling stability, the AF-MMTC5 sample has a great prospect for
supercapacitor electrode material applications.

In order to test the electrochemical performance of AF-
MMTCs when assembled into supercapacitor devices, the
electrochemical properties of AF-MMTCs were tested under
the two-electrode system. The CV curves of AF-MMTCs at
different scan rates are given in Fig. S4,† and the CV curves of
all the samples at all scan rates exhibit a quasi-rectangular
shape with good double-layer behavior; moreover, with the
scan rate increasing to 200 mV s−1, the CV curves of AF-
MMTCs do not undergo any deformation, which indicates
that they have an excellent reversibility of charging and dis-
charging. The CV curves at a scan rate of 100 mV s−1 are shown
in Fig. 5a, which shows that AF-MMTC5 has the largest inte-
gration area, qualitatively indicating that it has the largest
specic capacitance. The GCD curves of AF-MMTCs at
different current densities are shown in Fig. S5,† which
exhibits linear characteristics, indicating that it is mainly
a double-layer capacitive behavior, which is in agreement with
the results presented by the CV curves. The GCD curves of AF-
MMTCs at 0.5 A g−1 are given in Fig. 5b, where AF-MMTC5 has
the longest discharge time, which quantitatively indicates that
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical properties of heteroatom-doped hierarchical porous carbon in three-electrode system. (a) CV curves, (b) GCD curves,
(c) specific capacitance at different current densities, (d) EIS curves and (e) cycling stability (inset plots show the front-end and back-end
charging/discharging curves of the AF-MMTC5 samples during a long cycling process).
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Fig. 5 Electrochemical properties of heteroatom-doped hierarchical porous carbon in two-electrode system. (a) CV curves, (b) GCD curves, (c)
specific capacitance at different current densities, (d) EIS curves and (e) cycling stability.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/3

0/
20

26
 1

1:
17

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
it has the largest mass specic capacitance, which is further
corroborated by Fig. 5c, from which it can be seen that AF-
MMTC5 has the largest specic capacitance at 0.5, 1, 2, 5,
10, and 20 A g−1, with specic capacitances of 216.3, 204.7,
2588 | RSC Adv., 2025, 15, 2582–2590
197.4, 189.6, 181.2, and 172.8 F g−1, respectively. Fig. 5d
exhibits the EIS curves of the AF-MMTCs, and the intercept of
the curves with the x-axis represents the equivalent series
resistances (Rs), and the AF-MMTC1, AF-MMTC3, AF-MMTC5,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and AF -MMTC9 have similar Rs and are smaller than AF-
MMTC and AF-MMTC9; the semicircle diameter in the high-
frequency region represents the charge transfer resistance
(Rct), and AF-MMTC5 has the smallest semicircle diameter,
i.e., the smallest Rct; the straight-line slope in the low and
middle frequencies represents the Warburg impedance, and
AF-MMTC5 has the largest straight-line slope in the low and
middle frequency regions, which indicates that it has the
smallest Warburg impedance. In conclusion, combining Rs,
Rct and Warburg impedance, AF-MMTC5 has the smallest
resistance, which means that the electrolyte ions can diffuse
and transport rapidly in the internal pores of AF-MMTC5, thus
enhancing the electrochemical performance. The Ragone plot
is shown in Fig. S6.† At 0.5 A g−1, AF-MMTC5 represents a high
Et of 4.81 W h kg−1 at the Pt of 50 W kg−1, superior to AF-
MMTC0, AF-MMTC1, AF-MMTC3, AF-MMTC7, and AF-
MMTC9 with the Et of 3.02, 3.07, 3.21, 2.94 and
2.86 W h kg−1 at 50 W kg−1, respectively. In addition, the Et of
AF-MMTC5 maintains at 3.84 W h kg−1, and when the Pt
increases to 2000 W kg−1 at 20 A g−1. The capacity retention
rates of AF-MMTC0, AF-MMTC1, AF-MMTC3, AF-MMTC5, AF-
MMTC7, and AF-MMTC9 were 87.5%, 88.2%, 84.2%, 85.1%,
87.5%, and 81.2%, respectively, which were kept above 80%,
showing excellent cycling stability (Fig. 5e).

4 Conclusion

A series of heteroatom-doped hierarchical porous carbon (AF-
MMTCs) were prepared by using modied montmorillonite as
a hard template, potassium chloride as a salt template, and
chitosan as a carbon source with a dual template agent. The
results showed that KCl not only played the role of salt template
but also the role of activator. With the increase of KCl addition,
the specic capacitance of AF-MMTCs showed an increase and
then a decrease, which was mainly due to the fact that a lower
KCl content would etch to produce more micropores, which
contributed to the abundant active sites; however, when KCl
was added in too much, it would lead to the transition of the
etching that made the micropores connected with each other to
form mesopores and macropores, resulting in a large reduction
of active sites and thus affecting the electrochemical perfor-
mance. The AF-MMTC5 obtained with appropriate KCl addi-
tions has good electrochemical performance, with a specic
capacitance of 231.9 F g−1 at 0.5 A g−1, and excellent cycling
stability (98.5% capacity retention aer 5000 cycles). It has
a specic capacitance of 216.3 F g−1 in the two-electrode system
(0.5 A g−1). In conclusion, the strategy of preparing hierarchical
porous carbon for supercapacitor electrode materials using
dual template agents is feasible, while its high specic surface
area, developed pore structure and suitable heteroatom doping
have a large potential for application in gas adsorption, sewage
treatment and other elds.
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within the article.
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comprehensive review of template-assisted porous carbons:
modern preparation methods and advanced applications,
Mater. Sci. Eng., R, 2022, 149, 100682.

16 N. Asasian-Kolur, S. Sharian, B. Haddadi, et al., Ordered
porous carbon preparation by hard templating approach
for hydrogen adsorption application, Biomass Convers.
Bioren., 2023, 14(16), 18381–18416.

17 Y. Xi, Z. Xiao, H. Lv, et al., Template-assisted synthesis of
porous carbon derived from biomass for enhanced
supercapacitor performance, Diamond Relat. Mater., 2022,
128, 109219.

18 B. Chen, Z. Qi, B. Chen, et al., Room-Temperature Salt
Template Synthesis of Nitrogen-Doped 3D Porous Carbon
for Fast Metal-Ion Storage, Angew. Chem., Int. Ed., 2024,
63(1), 202316116.

19 K. Sun, C. Wang, M. Tebyetekerwa, et al., Electrocapacitive
desalination with nitrogen-doped hierarchically structured
carbon prepared using a sustainable salt-template method,
Chem. Eng. J., 2022, 446, 137211.

20 J. Li, Y. Wang, M. Hu, et al., Self-templated synthesis of
boron-doped porous carbon by chemical interaction of
2LiBH4$CO2 with CO2, Chem. Eng. J., 2023, 454, 140205.
2590 | RSC Adv., 2025, 15, 2582–2590
21 V. N. Kitenge, D. J. Tarimo, G. Rutavi, et al., Inuence of
nitrogen and sulfur co-doped activated carbon used as
electrode material in EmiFSI ionic liquid toward high-
energy supercapacitors, J. Energy Storage, 2024, 81, 110453.

22 T. Yu, X. Zhang, S. Gao, et al., A sustainable solution:
Conversion of distillers' grains waste into high-
performance supercapacitor electrode materials for energy
storage applications, Diamond Relat. Mater., 2024, 146,
111202.

23 X. Li, B. Sun, L. Lin, et al., Rapid preparation of P/O doped
nano-porous carbon by microwave method for high-
performance supercapacitors, Colloids Surf., A, 2024, 689,
133695.

24 K. Li, Z. Liu, X. Ma, et al., A combination of heteroatom
doping engineering assisted by molten salt and KOH
activation to obtain N and O co-doped biomass porous
carbon for high performance supercapacitors, J. Alloys
Compd., 2023, 960, 170785.

25 A. Gopalakrishnan and S. Badhulika, From onion skin waste
to multi-heteroatom self-doped highly wrinkled porous
carbon nanosheets for high-performance supercapacitor
device, J. Energy Storage, 2021, 38, 102533.

26 Z. Yuan, Y. Ma, P. Zhang, et al., N-, P-, and Ni-co-doped
porous carbon from poplar powder and graphene oxide
composites as electrode materials for supercapacitors,
Energy Fuels, 2023, 37(3), 2420–2430.

27 L. Qie, W. Chen, H. Xu, et al., Synthesis of functionalized 3D
hierarchical porous carbon for high-performance
supercapacitors, Energy Environ. Sci., 2013, 6(8), 2497–2504.

28 Z. Liu, L. Li, M. Wang, et al., 3D hierarchical porous N, O co-
doped carbon derived from the waste walnut shell via one-
step carbonization for high-performance supercapacitor,
Electroanalysis, 2024, 36(7), 202400002.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08818b

	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b

	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b

	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b
	Hard templatetnqh_x2013salt template double template preparation of heteroatom-doped hierarchical porous carbon and its electrochemical propertiesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra08818b


