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a b s t r a c t

We report an integrated approach by combining in-situ activation, doping and natural nanotemplating to
design low-cost and highly efficient N-doped nanoporous carbons for energy storage and carbon capture
applications. N-doped nanoporous carbons are prepared by impregnating sucrose, 3-amino 1,2,4-triazole
and the ZnCl2 into the nanochannels of the mixed kaolin-halloysite nanotube nanoclay, followed by
carbonization and clay template removal. The prepared materials exhibit micro and mesoporosity, high
specific surface areas (1360e1695 m2 g�1), and nitrogen content (7.73e12.34 wt%). The optimized ma-
terial offers the specific capacitance of 299 F g�1 (0.3 A g�1) and 134 F g-1 (10 A g�1) with excellent
cycling stability (91% capacity retention after 4000 cycles/5 A g�1). N-doping together with the inter-
connected micro and mesoporous structure, offers a more ion accessible surface and further provides
enhanced charge transfer, hydrophilicity, and the interaction of the electrode-electrolyte ions. The
optimized material adsorbs 24.4 mmol g�1 of CO2 at 30 bar pressure and 0 �C. The synthesized materials
performed better as supercapacitor and CO2 adsorbent than halloysite clay, kaolin clay, activated carbon,
nanoporous carbons, and mesoporous silica. The method presented here will provide a unique platform
for synthesizing a series of advanced nanostructures for electrochemical and carbon capture applications.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon-based materials have been the recent research focus for
energy storage and conversion because these materials can be
synthesized from, cheap, non-toxic and sustainable resources [1].
In addition, these carbon-based materials can be easily function-
alised with heteroatoms, such as boron (B), nitrogen (N), oxygen
(O), sulphur (S), and phosphorus (P) [2,3]. The heteroatom func-
tionalities in carbon-based materials can contribute towards
additional pseudo-capacitance, the enhanced electrode surface
wettability, and electro-conductivity of the structural framework,
Vinu).
thus improving the performance in supercapacitors [3e5]. Many
reports are available on the modification of carbon frameworks
with heteroatoms such as boron, nitrogen, phosphorus, and
sulphur for the applications of energy storage [5e9]. Among these,
nitrogen doping has become one of the most critical methods to
functionalize carbon since it is more effective in enhancing the
wettability, basicity, and its electrical conductivity, which are
beneficial for the applications such as CO2 adsorption, super-
capacitors, electrocatalytic reactions, and others [10]. Different
strategies have been adopted to synthesize heteroatom doped
carbon materials, which include post-synthetic treatment and
templating approaches. Post-treatment approach generally in-
volves complex processes and expensive toxic nitrogen precursors
such as ammonia or melamine. It has been found that porous car-
bon materials treated by N-containing precursors such as
ammonia, melamine, or others are less favourable for controlling
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the dopant distribution and the porosity of the materials [11]. In
addition, this approach can easily collapse the porous structure.

In contrast to the post-synthetic technique, the templating
approach is also a convenient method to develop N-doped porous
carbon with ordered porosity by infiltrating single molecular N
containing carbon precursors or mixing carbon-nitrogen pre-
cursors in the organic/inorganic templates [2]. Wei and his research
team [12] adopted templating technique to prepare N-doped or-
dered mesoporous carbon using resol-dicyandiamide (precursor)
and F-127 (template). However, the specific surface area and N
content of thematerial were not high. Another group of researchers
[13] also prepared mesoporous N-doped carbon spheres by using
dopamine as C-N precursor. Though the N concentration of the
synthesized material was relatively high, the BET surface area was
only 300e400 m2 g�1. Mesoporous silica materials were also tried
as hard templates to fabricate N-doped ordered mesoporous car-
bons. For example, Chen et al. [14] fabricated N atom functionalised
mesoporous carbons with ordered structure using SBA-15 as a silica
template and ionic liquid as C-N source. In another report, Du et al.
[15] developed the synthesis approach for N-doped porous carbon
using a solid-solid grinding approach in which zeolitic imidazolate
framework was impregnated in the porous channels of SBA-15 hard
template. Although these methods offered ordered heteroatom
functionalised mesoporous carbons, the research in this area was
neither advanced nor progressed into commercialization owing to
the use of a highly expensive SBA-15 template as its synthesis re-
quires costly precursors and long synthesis time. These challenges
may be overcome by replacing these expensive nanotemplateswith
naturally available and low cost nanotemplates. The naturally
occurring kaolin-halloysite nanoclay is a hybrid blend of halloysite
and kaolinite clay minerals. Kaolinite has the formula
Al2Si2O5(OH)4. 2H2O and typically occurs in platy forms. Halloysite
has a similar composition to kaolinite except that it contains
additional water molecules between the layers and exhibits a
nanotubular morphology. This study provides a convenient and
feasible method for utilizing impure HNT (mixed kaolin-halloysite
clay), which has poor physical parameters including a low specific
surface area, dramatically undermines their overall effectiveness in
applications including adsorption and energy storage applications
such as supercapacitance and battery.

This study is the first of its kind to report a synthesis strategy for
N-doped activated nanoporous carbon (N-ANC) with unique flaky
and tubular morphology, tunable high specific surface areas
(1360e1695 m2 g�1), and nitrogen content (7.79e12.34 wt%)
through an integrated approach of combined doping, in-situ acti-
vation and nanotemplating strategies. The carbon (sucrose) and
nitrogen precursor (3-amino-1,2,4-triazole) and the activating
source (ZnCl2) were impregnated into the nanochannels of the
sacrificial template, the mixed kaolin and halloysite nanotube (K-
HNT). We show that N-ANC with high specific surface areas
(1360e1695 m2 g�1), tubular morphology and tunable nitrogen
contents can be obtained after the heat treatment followed by the
template removal. The optimized material displays a specific
capacitance of 299 F g�1 at a current density of 0.3 A g�1 which
surpasses the capacitance of orderedmesoporous carbons prepared
from SBA-15, non-activated nanoporous carbons, activated carbons
and carbon nanotubes. We also demonstrate that the material with
highest specific surface area displayed a high CO2 adsorption ability
(24.4 mmol g�1) at a pressure of 30 bar and a temperature of 0 �C,
which exceeds the performance of ordered mesoporous silica,
carbon nitrides and ordered mesoporous carbons. This study
demonstrates that the mixed kaolin and halloysite nano clay could
be a low-cost template for the preparation of series of electrodes
and adsorbents for energy storage and carbon capture applications.
134
2. Materials and methods

2.1. Chemicals and materials

K-HNT which is a mixture of kaolinite and halloysite was
sourced from Minotaur Exploration limited, South Australia. The
chemicals Sucrose (�99.5%), 3-amino-1, 2, 4-triazole, zinc chloride,
sulphuric acid (98%), and ethanol were sourced from the com-
mercial suppliers.

2.2. Synthesis of N-ANC

N-ANC was fabricated by mixing 3 g of K-HNT nanoclay with a
solution containing sucrose (0.9 g), water (4 g), sulphuric acid
(0.1 g) and nitrogen precursor, 3-amino-1, 2, 4-triazole (0.35 g). The
K-HNT nanoclay and other precursors were thoroughly mixed for
about 15e20 min and then heating in a convection air oven at
100 �C for 6 h. Then for another 6 h, heating was continued at
160 �C. It is assumed that the whole solution of carbon and nitrogen
precursors entered into the clay template's nanochannels due to
the capillary effect and this phenomenon occurred due to the
strong attraction between the carbon-containing molecules and
the hydroxyl groups of the clay template. After the heat treatment,
the sample was pulverized into a fine powder, mixed with ZnCl2
(2 g), and subjected to carbonization at 900 �C for 5 h using a
temperature ramp rate of 3

�
C/min under nitrogen flow in a hori-

zontal tubular furnace. The powder collected after carbonization
was washed with 2 M HCl for 2 h to remove the activating agent.
After this, sample was rinsed in distilled water, filtered and dried
overnight. Then, the sample was dissolved in diluted HF (5 wt%)
solution followed by stirring for about 2 h, filtered and finally
washed with ethanol. The filtered sample was dried overnight in a
convection oven at 100 �C. A sequence of materials was prepared by
carrying the temperature of carbonization within a range of
700e900 �C to tune the nitrogen content and the crystallinity of the
samples. The samples are labelled as N-ANCx where x denotes the
carbonization temperature. Another batch of samples were fabri-
cated using the N-ANCx synthesis procedure but without the
addition of zinc chloride to compare the influence of activation
agent on the textural properties and the application performance
These samples are named as N-HNCx where x stands for carbon-
ization temperature. To compare the effect of N doping, activated
porous carbon nanoflakes were prepared by the procedure re-
ported in our earlier report and the sample was named as AHNC
[16].

2.3. Materials characterization

The prepared N-ANCx and A-HNCx materials were character-
ized with the basic and advanced techniques to understand its
structural and textural properties, also their chemical composition
and elemental bonding. The surface area of the N-ANCx was
determined using a Micromeritics ASAP 2420 instrument
at �196 �C. For outgassing before the surface area analysis, all
samples were heated at 200 �C under vacuum overnight. BET
(Brunauer Emmett-Teller) method was used to calculate Specific
surface area (SSA) and the pore volume (Vt) measured at p/
p0 ¼ 0.99 was taken as total pore volume. XRD diffraction patterns
obtained from Panlytical Empyrean XRD instrument was used to
study the structure of N-ANCx. The XRD analysis was carried out by
irradiated samples with CuKa1 and Ka2 radiation (l¼ 1.5406 Å and
1.5444 Å) at an operating voltage and current of 40 kV and 40 mA,
respectively. The XRD patterns were obtained at the wide-angle
range of 2q ¼ 10e80� under continuous scanning with a step size
of 0.006�. SEM images obtained with a JEOL scanning electron
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microscope (JSM-7900F) was used to investigate the surface
morphology of N doped activated carbons The operating voltage for
the SEM analysis is 2 kV. The elemental composition of N-ANCx and
N-HNCx was estimated using a PerkinElmer instrument (EA 2400)
[16]. Raman Spectra was collected from the spectra recorded in the
wavenumber range 500e2500 cm�1 at a scan rate of
60 cm�1 min�1. NEXAFS analysis of the N-ANCx and N-HNCx was
done with Soft X-ray spectroscopy beamline attached with a
hemispherical electron analyzer in the Australian Synchrotron. The
photoelectron current of the photon beam measured on an Au grid
was used to normalize the raw NEXAFS data.

2.4. Electrochemical measurement and CO2 adsorption

Electrochemical measurements were performed on a CHI760 E
(CH instruments) work station in 3 M KOH aqueous electrolyte
solution using a three-electrode configuration consisting of Ag/
AgCl as a reference electrode and platinum rod as a counter elec-
trode. The test electrode was prepared by grinding 4 mg of N-ANCx
sample with ethanol (1 ml) and Nafion solution (50 mL of 0.5 wt %).
The electrodes were coated on a nickel mesh after the evaporation
of the solvent and pressed in a roller.

High-Pressure Volumetric Analyzer (HPVA) equipped with
temperature-controlled circulator manufactured by Micromeritics
was used to obtain CO2 adsorption isotherms of a series of syn-
thesized advanced nanostructures at 0e30 bar pressure range.
HPVA-200 is the model of the instrument used and the pressure
range for this instrument is from vacuum to 200 bars. Three
different temperatures of 0, 10, and 25 �C were chosen to analyse
the best performing sample to study the effect of temperature on
adsorption. The CO2 adsorption involved initial outgassing of the
materials for 10 h at a temperature of 250 �C under a constant
vacuum. The adsorption isotherms at three different temperatures
were chosen to obtain the isosteric heat of adsorption which was
calculated using Clausius-Clapeyron equation.

3. Results and discussion

3.1. Powder XRD analysis

Fig. 1 schematically explains the synthesis method for the
preparation of N-ANCx from the naturally available K-HNT tem-
plate with tunable nitrogen contents and crystallinity. As can be
seen in Fig. 1, doping, in-situ activation and nanotemplating pro-
cesses are combined in a single step to introduce both nanoporosity
Fig. 1. Schematic representation of the preparation of N-ANCx through
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and N-doping in the porous carbonmaterials. Sucrosewas used as a
low-cost carbon precursor whereas 3-amino-1,2,4-triazole was
used as a N precursor. The sulphuric acid added in the synthesis
acts as a catalyst to dehydrate the carbon precursor, helping in the
uniform impregnation of sucrose in the mixed-halloysite template
and assisting in the polymerization of sucrose at low temperature
[17]. ZnCl2 was used as the activating agent since it is a neutral
activating precursor and has a relatively low melting point
compared to KOH. It did not generate any caustic reaction when
heated with K-HNT template and the carbon-nitrogen precursors.
Besides, it helps to synthesize porous carbon nanostructures with
both micro andmesoporosity. When K-HNT is heated above 450 �C,
dehydroxylation reaction occurs and forms metakaolin an amor-
phous structure that reacted violently with the gaseous K-salts and
generates soluble product with less carbon contentwhich dissolved
during the acid washing step [18,19]. Therefore, zinc chloride was
chosen as the activation agent. During the high-temperature
heating step, the temperature was varied from 700 to 900 �C to
tune the N content and the crystallinity of the final porous carbon's
nanostructures. After the carbonization and the template removal
by acid washing, N-ANCx with high specific surface areas and
tunable nitrogen contents are obtained. The crystallinity of the
prepared N-ANCx samples was analyzed by powder-XRD diffrac-
tion at a wide angle. Fig. 2(a) displays the XRD patterns of the N-
ANCx samples. It can be observed that two broad diffraction peaks
centered at 2q of 25 and 43� appeared for all the N-ANCx samples,
which correspond to the (002) and (100) plane of the poorly
graphitized structure, explaining that the samples are amorphous
[20,21]. The absence of the peaks related to the K-HNT reveals that
the prepared carbon nanostructures are almost free from the
original template materials (Fig. 2(a)). It was found that the peak at
43�, which corresponds to (100) plane, is distinctly visible for N-
ANC900, reveals that the graphitic site is intense in this sample, and
the interlayer spacing decreases through crystallite growth due to
the high-temperature carbonization treatment [22,23]. For com-
parison, the XRD analysis was also done for N-HNCx samples and
the results are presented in Fig. 2(b). These materials showed a
slightly increased intensity of the peaks in the region 10e30� which
are possibly arising from the presence of K-HNT template. These
results suggest that the activation process weakens the alumino-
silicate bonding during the treatment with ZnCl2 and supports the
easy removal of the template through a simple acid washing pro-
cess. It should also be noted that the peak at 43� which corresponds
to (100) plane of graphitic carbon is absent in these samples,
revealing amorphous nature of the sample.
integrated doping, insitu activation and nanotemplating approach.



Fig. 2. Wide angle XRD patterns of (a) N-ANCx and (b) N-HNCx.
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3.2. Surface area and pore volume analysis

The textural parameters of both activated (N-ANCx) and non-
activated (N-HNCx) nanoporous carbon samples were analyzed
by nitrogen adsorption measurements. The textural parameters
including specific surface area and pore volume are given in Table 1.
The isotherm pattern found in N-ANCx and N-HNCx is type IV with
hysteresis loops observed at higher relative pressure, which con-
firms the mesoporosity of the prepared samples [16]. The presence
of H3 hysteresis loop at a relative pressure higher than p/p0>0.8
implies that the samples exhibit wide mesopores (Fig. 3) [24]. From
the isotherms of the N-HNCx, it can be noticed that less quantity of
nitrogen is adsorbed at the low relative pressure and therefore the
low-pressure region is almost flat. These data indicate that the
samples which are not activated exhibit a small amount of micro-
porosity and therefore the non-activated samples displayed low
surface areas. The specific surface areas and the specific pore vol-
umes of N-HNCx lie in the ranges 490e638 m2 g�1 and
0.77e1.00 cm3 g�1, respectively. Among the non-activated samples,
N-HNC800 displays highest surface area. In contrast, after the acti-
vation, the specific surface areas and the pore volumes of the N-
ANCx increased quite significantly and lie in the range of
1437e1695 m2 g�1 and 1.328e1.464 cm3 g�1, respectively, sug-
gesting that the addition of zinc chloride contributes to the specific
surface area and pore volume increment [25,26]. Textural analysis
data indicate that the activated material prepared at 800 �C (N-
ANC800) exhibits the highest specific surface area (1695m2 g�1) and
the largest pore volume (1.464 cm3 g�1) (Fig. S1). It is interesting to
note that this material shows high nitrogen adsorption at low-
pressure region that is confirmed from the L-shaped isotherm at
the low-pressure region, which corresponds to the micropores.
Therefore, it can be assumed that the high specific surface area is
originated from the micropores generated by the partial decom-
position of nitrogen and carbon precursors at a high temperature,
assisted by the ZnCl2 activation, and the removal of the K-HNT
template and the activating agent [16,26].
Table 1
Textural parameters and elemental composition of N doped porous carbon from mixed
temperatures.

Sample Code Carbonization temp oC Surface Area m

Non activated N-HNC700 700 584
N-HNC800 800 638
N-HNC900 900 490

Activated N-ANC700 700 1571
N-ANC800 800 1695
N-ANC900 900 1437
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3.3. Elemental analysis

Elemental analysis of the N-ANCx and N-HNCx shows that
carbonization temperature and the activation process play a pre-
dominant role in determining the final composition of the mate-
rials, mainly the carbon and the nitrogen content of the prepared
samples. Table 1 shows the carbon and nitrogen content for all
materials carbonized at different temperatures. The N content in
the carbon matrix decreases steadily with an increase in carbon-
ization temperature from 700 to 900 �C owing to the reduced
thermodynamic stability of the nitrogen in the structural frame-
work of carbon. Interestingly, the nitrogen content of N-ANCx is in
the range of 7.79e11.59 wt% which is higher than that of the N-
HNCx, confirming that the activation process suppresses the
decomposition of the nitrogen precursor at high carbonization
temperature. It is already reported that zinc chloride acts as a sta-
bilizer for N species [27]. In the presence of zinc chloride, the ni-
trogen precursors can not undergo full decomposition and remain
in the carbon framework even at the high carbonization tempera-
tures of �700 �C. The gradual melting of Zn leads to good solubility
of N atoms owing to the strong Lewis acid-base interactions. Also,
the formed ionic melt could catalyse the polymerization of more N
atoms to produce an allotrope of graphitic-C3N4 [27]. For the acti-
vated samples prepared at 700 and 800 �C, at least more than 10 wt
% of nitrogen is introduced into the framework of the carbon
nanostructures [3,9,21,25]. It is already reported that at 800 �C, the
complete reaction occurs between the activating agent and the
precursor materials, also the intermediate generated during the
carbonization is effectively consumed at this temperature and this
indicates activation and carbonization at 800 �C can be considered
as an optimum condition to achieve the maximum effect of acti-
vation [28]. Raising the carbonization temperature from 800 to
900 �C partially destroys the porosity due to the strong reaction
between the activating agent and the template materials and the C
and N precursors [19]. Hence, it can be concluded that above
800 �C, the effective utilization of the activating agents would be
kaolin-halloysite nanoclay with and without activation at different carbonization

2 g�1 Pore Volume cm3g�1 C (wt. %) N (wt. %) H (wt. %)

0.855 68.10 10.10 1.63
1.032 68.09 9.53 1.50
1.001 71.91 7.71 1.31
1.328 64.33 11.59 2.23
1.464 66.09 10.10 2.54
1.384 67.61 7.79 1.94



Fig. 3. Nitrogen adsorption-desorption isotherms of (a) N-ANCx, and (b) N-HNCx (Y-axis shifted for clarity and values are not given).
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decreased, leading to overactivation, reducing the carbon yield and
the specific surface area [29]. From the CHN and nitrogen adsorp-
tion analysis, it can be concluded that 800 �C is the optimum
temperature to fabricate carbon samples with a well-developed
porosity, highest specific surface area and the optimum nitrogen
content. It was also observed that N-ANCx were found to be better
materials in terms of the nitrogen contents and the textural pa-
rameters. Therefore, further characterization was done for only the
N-ANCx samples.
3.4. Morphology of N-ANCx

The surface morphology of the materials was investigated using
SEM images and the resulting images are shown in Fig. 4. The
synthesized N doped activated halloysite nanocarbon materials
consist of thin nanosheets of carbon with irregular flaky
morphology (Fig. 4(aec)) and in some places, tubular morphology
is observed. It should be noted that the halloysite template used for
the replication is a mixed clay material having tubular-shaped
halloysite nanotubes and flaky structured kaolinite. Therefore, it
is assumed that the observed morphology of the N-ANCx is
attributed to the replication of the sheet-like morphology of kaolin
Fig. 4. FE-SEM images of N-ANCx (a) N-AN
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in the K-HNT template [16]. Interestingly, the lower magnification
TEM image of N-ANC800 in Fig. 5 exhibits tubular and flaky carbon,
confirming that the tubular structure of the halloysite-kaolinite
mixture is also completely replicated into N-ANC800. A clear
tubular but disordered pores are also observed from the high-
magnified TEM image of N-ANC800 (Fig. 5). The halloysite derived
nitrogen-doped carbonmaterials are having disorderedmicropores
and mesopores which improved the textural properties of N-ANCx.
3.5. FT-IR and Raman analysis

Fig. 6(a) presents the FT-IR spectra of N-ANCx materials and the
spectra reflect pronounced bands at 3400 and 1730 cm�1 which
correspond to O-H and C¼O stretching vibrations, respectively.
These peaks are generated due to the extensive oxidation during
the carbonization and the activation process. The other two bands
positioned at 2922 and 2853 cm�1 identify the C-H vibration of the
CH2 groups in the prepared materials. The peaks positioned around
1424 cm�1 and in the region, 1620 to 1640 cm�1 indicate C¼N and
C-N/N-H vibrational stretching that confirms the presence of
nitrogen-containing functional groups in the carbon nano-
structures [30]. The degree of structural disorder was evaluated by
C700 (b) N-ANC800 and (c) N-ANC900.



Fig. 5. TEM images of N-ANC800 observed at different magnifications.
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Raman spectroscopy analysis. In N-ANCx materials, the disorder
band (D) band and graphite band (G) are located at 1343 and
1585 cm�1 on the Raman spectrum, respectively. The G band is in-
plane vibration mode of sp2 hybridised carbons in the wall struc-
ture of N-ANCx whereas the D band is out of plane vibration mode
generated due to the defects generated through the nitrogen
doping and the dangling bonds at the carbon edges. The ID/IG ratio
could be taken as a measure of degree of graphitization. Higher the
peak value of D-band indicates the larger the defect degree in the
carbon materials and while the higher peak value of G-band means
the larger graphitization degree [31]. All of the N-ANCx derived
from the K-HNT nanoclay prepared at different temperatures
showed an ID/IG ratio higher than 1, indicating that the nitrogen
doping created a lot of defects in the carbon nanostructure
(Fig. 6(b)). Interestingly, a huge difference in the ID/IG of the
samples was observed when the carbonization temperature was
changed. The higher ID/IG ratio indicates that the concentration of
defects is higher and the samples carbonized at a temperature less
than 700 �C showed a higher ratio.
Fig. 6. (a) FT-IR spectra, and (b)
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3.6. XPS and NEXAFS analysis

The XPS wide-survey spectra (Fig. 7(a)) clearly showed the
peaks of C, N and O at 284.8, 400.0 and 532.8 eV respectively. As
demonstrated in Fig. 7(b) and Fig. S2, the deconvoluted C1s spectra
of N-ANCx shows five peaks centered around 284.2 (C-C sp2), 285.2
(C-N sp2), 286.4 (C-O), 288.1 (C¼O) and 291.8 eV (CO*) OH groups
[27e30]. Deconvoluted N1s spectra (Fig. 7(c)) shows four peaks
centered at 397.8, 399.28 400.44 and 403.09 eV, represents
pyridinic-N (397.8 eV), pyrrolic-N (399.28 eV), graphitic-N
(400.44 eV) and oxidized-N (403.09 eV) respectively [28]. The
predominant nitrogen groups in all the N-ANCx samples are
pyridinic-N along with and pyrrolic-N. Pyridine-N-oxide and the
quaternary nitrogen are the nitrogen functional groups present in
the samples treated with high temperature which are found in N-
ANCx samples, because of the high activation temperature in this
study. These results illustrate that nitrogen functional groups are
indeed incorporated into the activated nanoporous carbon samples.
The deconvoluted O1s spectra given in Fig. 7(d) display three peaks
which are centered around 530.5, 532.1, and 535.2 that can be
assigned to C¼O, (CO*) OH, and C-O-C, respectively [32]. These
peaks strongly indicate that a combination of activation and
carbonization at high-temperature support extensive oxidation
which creates oxygen group functionalities on the carbon surface.
The oxygen and nitrogen-containing functional groups could be
beneficial in the adsorption of carbon dioxide molecules and can
also effectively contribute to the surface redox reactions that sup-
port energy storage applications [33].

Near edge X-ray Absorption Fine Spectroscopy (NEXAFS) is a
versatile analytical technique to study the elemental binding of
materials. Fig. 8(a) displays the normalized spectra of the C K-
edge spectra of N-ANC800 and N-HNC800. These samples show
three peaks which are assigned to C1 at ~285.43 eV, corre-
sponding to C¼C bond, C2 at ~288.3 eV, corresponding to C-N
bond and C3 at ~291.2 eV, assigned to s* associated with either
C-C or C-N. NEXAFS spectra also show three different chemical
states of N in the samples. The N K-edge spectra of the N-ANCx
show three pronounced p*-resonances at 397.9, 399.5 and
401.1 eV (Fig. 8(b)). The peak 1 at 398.3 eV and peak 3 at 401.1 eV
are generally attributed to pyridinic and pyrrolic nitrogen,
respectively whereas the peak 2 is very different, and is attrib-
uted to the nitrogen in the amino groups attached with the
carbon matrix, corresponding to C¼N [34]. The NEXAFS result is
another supporting evidence to confirm that the N is incorpo-
rated into the carbon matrix of the N-ANCx.
Raman spectra of N-ANCx.



Fig. 7. (a) XPS survey spectra of N-ANCx, and high-resolution spectra of N-ANC800 (b) C1s (c) N1s and (d) O 1s. (A colour version of this figure can be viewed online.)

Fig. 8. NEXAFS data of N-ANC800 and N-HNC800 (a) C_K edge (b) N_K edge.
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3.7. Performance of N-ANC materials as supercapacitors

The N-ANCx samples were used to fabricate electrodes and
tested for supercapacitor performance in a standard method of
electrode testing using a three-electrode cell configuration. The
electrolyte used for the capacitance measurement is 3 M aqueous
KOH. The scan rate for obtaining the cyclic voltammetry (CV) curves
was varied from 5 to 100 mV s�1. The CV curves show a nearly
rectangular shape which indicates the superior charge storage
ability and high efficiency, and this also confirms that N-ANCx
materials possess the characteristics of an ideal electrical double-
layer capacitor (EDLC). It should be noted that the shape of the
CV curve in N-ANC700 sample is not as rectangular as N-ANC800 and
N-ANC900. The quasi-rectangular shape of the CV curves of N-
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ANC800 and N-ANC900 is retained even when the scan rate ramped
up to 100 mV s�1 which implied a rapid electron transport in the
charge/discharge cycling process. The current density range
selected for the galvanostatic charge-discharge (GCD) cycling pro-
cess is from 0.3 to 10 A g�1 and the GCD profiles of the N-ANCx
materials revealed no significant drop in the IR voltage and the
shape of the profiles is almost linear and symmetrical, which
confirms that N-ANC800 and N-ANC900 materials have high specific
capacitance and can be an efficient electrode for the electrical
double layer capacitor (Fig. 9(aef)).

Fig. 10(a) displays the CV curves of the N-ANCx materials ob-
tained at the scan rate of 10 mV s�1 and this clearly explained that
the quasi-rectangular shape of N-ANC800 and N-ANC900 is better
than the CV of N-ANC700 sample. The specific capacitance of N-



K. Ramadass, C. Sathish, G. Singh et al. Carbon 192 (2022) 133e144
ANC900 at a current density of 0.3 A g�1 is 299 F g�1 which drops to
194 F g�1 when the current density is increased to 1 A g�1. Among
the N-ANCx materials studied, N-ANC900 registers the highest
capacitance (194 F g�1) than N-ANC800 (183 F g�1) and N-ANC700
(151 F g�1) at 1A g�1 even though N-ANC800 exhibits the highest
specific surface area and the pore volume (Fig. 10(b)). The material
N-ANC900 exhibited a higher capacitance value (194 F g�1/1A g�1)
than our previously reported material AHNC which is the activated
porous carbon nanoflakes derived from halloysite nanotubes
without N-doping (158 F g�1/1A g�1) [16]. Generally, at higher
current densities, a lower capacitance value is observed due to the
shorter time for the electrolyte ions permeation into the electrode
materials [2,35,36]. However, N-ANC800 and N-ANC900 materials
provide an abundant inner surface for good diffusion of electrolyte
ions even at higher current densities, hence fairly high specific
capacitance of 148 F g�1 at 10 A g�1 current density was noticed,
demonstrating their better capacitance ability at higher current
densities. Electrochemical Impedance (EIS) analysis was also
Fig. 9. Cyclic voltammograms (CV) of the samples measured between the scan rate range
discharge (GCD) measurements of N-ANCx samples measured at different current densities
version of this figure can be viewed online.)
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conducted to investigate the electrochemical behaviour of the
electrodes prepared using N-ANCx samples and Nyquist plots were
obtained from the EIS analysis (Fig. 10(c)). A typical Nyquist plot of
EDLC shows a semi-circular curve in the high-frequency and a
vertical straight line at the low-frequency zones. The Nyquist plots
of N-ANC800 and N-ANC900 show a perpendicular line in the low-
frequency area which confirms the good electrochemical behav-
iour and also quick permeation of electrolyte ions in the material's
surface. The semi-circular arc noticed in the high-frequency
Nyquist plot of N-ANC800 and N-ANC900 samples implies a fast
electron transport between the electrodes and the electrolyte. It is
found that the supercapacitance value obtained for N-ANC900
(Fig. 10(d) & Table 2) in this work exceeds the supercapacitance
value reported for the commercially available single and multi-
walled walled CNTs, activated carbon, ordered mesoporous car-
bons, activated porous carbon from HNT and few other carbon-
based materials reported so far [41]. Table S3 highlights that N-
ANC900 outweighs the performance of N-doped porous carbon
of 5e100 mV s�1 (a) N-ANC700 (c) N-ANC800 and (e) N-ANC900; Galvanostatic charge/
in the range of 0.3e10 A g�1 (b) N-ANC700 (d) N-ANC800 and (f) N-ANC900. (A colour



Fig. 10. Specific capacitance data of N-ANCX (a) Cyclic voltammograms (CV) of the samples measured at scan rate-10 mV s�1 (b) Galvanostatic charge/discharge (GCD) mea-
surements of N-ANCx samples measured at the current density of 1 A g�1 (c) The Nyquist plot of N-ANCx samples measured at 0.1 hz and (d) Specific capacitance value (Cs) of N-
ANCx samples measured at various current densities.
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materials such as nitrogen-doped carbon nanofibres, casein-
derived porous carbon, coffee waste-derived nitrogen-doped car-
bon reported in the recent literature. The exceptional performance
of N-ANC900 is because of the homogeneous N doping into the
nanostructure of porous carbon, which enhances surface wetta-
bility. A combination of high specific surface area and large pore
volume originating from the interconnected meso and micro-
channels in the tubular network further improves the rate perfor-
mance. The enhanced electrochemical behaviour of N-ANC900 is
due to the perfect nanoarchitecture, which is favourable for more
ions access and fast diffusion. The presence of hierarchical pore
distribution offers an advantage in enhancing electrochemical
behavior. The microporous structure helps to create the electrical
double layers, and the mesopores shorten the length between the
electrolyte-electrode interface [35e41]. The cycling performance
test was done for N-ANC900 material. The specific capacitance
retention is about 91% even after long runs of the charge/discharge
process (4000 Cycles at 5 A g�1 current density), suggesting that the
electrodes prepared from N-ANC900 material are highly stable and
Table 2
Supercapacitance values of N doped activated nanoporous carbon prepared at
different carbonization temperature.

Current
Density (A g�1)

N-ANC700 (F g�1) N-ANC800 (F g�1) N-ANC900 (F g�1)

0.3 259 245 299
0.5 174 204 228
1 151 183 194
2 132 172 175
3 120 167 165
4 112 163 158
5 105 159 153
10 78 148 134

141
have excellent cycling performance (Fig. S3). It is known that the
carbon framework collapses when the heteroatoms is loaded in
high amounts, which leads to the reduced stability of the elec-
trodes; however, in this study, high N doping was successfully done
through an effective combined in-situ nanotemplating and activa-
tion approach. The excellent cycling ability of the electrode fabri-
cated from N-ANC900 suggests that N atoms are successfully
incorporated in the nanoporous carbon framework without
affecting its nanostructure [40]. Although N-ANC800 possesses the
highest specific surface area, the specific capacitance is lower than
N-ANC900. This could be due to a combination of a high specific
surface area, high nitrogen content and most importantly, high
crystallinity generated at a high carbonization temperature that
contributed towards superior specific capacitance for the material
prepared at 900 �C. The excellent performance of N-ANC900 reveals
the importance of the combined treatment of doping, templating
and activation adopted in this work. The excellent textural pa-
rameters, when combined with the crystallinity, uniform distri-
bution of N atoms in the porous carbon structure and oxygen
functional groups generated through the extensive oxidation,
occurred due to the high-temperature carbonization and activation
with ZnCl2, helps to achieve the superior specific capacitance for
the N-ANC900.
3.8. Performance of N-ANC materials as CO2 adsorbents

As the N-ANCx materials exhibit unique tubular morphology
with interconnectedmicro andmesopores and high specific surface
area, we employed them as adsorbents for the CO2 uptake. The CO2
adsorption measurements were performed with N-ANCx samples
at 0 �C and the isotherms are given in Fig. 11(a). Fig. 11 (a) displays
the amount of CO2 adsorption in the samples that increase linearly
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to the increase in the adsorption pressure and reaches a maximum
at 30 bar [42]. At low pressure, the CO2 molecules generally occupy
the micropores whereas the mesopores in the tubular structures
are filled at high pressure as it supports the dense packing of the
molecules and further forces the molecules to reach the adsorption
sites located deep insides the pores. The CO2 adsorption capacity of
N-ANC800 is 24.4 mmol g�1 at 0 �C and 30 bar, which is better when
compared to N-ANC700 (21.6 mmol g�1) and N-ANC900
(17.9 mmol g�1). A high CO2 uptake of N-ANC800 is attributed to its
superior textural properties such as the higher specific surface area
and larger pore volumewhen compared to N-ANC900 and N-ANC700
samples. It is also believed that the electronic interaction between
the nitrogen functional groups on the surface of the adsorbent and
the incoming CO2 molecules enhances the capability of the N-
ANC800 to adsorb more CO2 molecules. The CO2 adsorbed at low
pressure is much higher for N-ANC800 and N-ANC700 than that of N-
ANC900. A large amount of nitrogen on the surface of the N-ANC800
and N-ANC700 is responsible for the large adsorption at low pres-
sure. When the adsorption capacity of these materials at high
pressure is compared, N-ANC800 registers the highest adsorption
capacity even though N-ANC700 has the highest amount of nitrogen.
This is attributed to the loss of the adsorption sites due to the lower
specific surface area which leads to a reduction in the amount of
CO2 adsorption. These data reveal that the optimum amount of
nitrogen together with the enhanced textural properties are
important to achieve higher CO2 adsorption capacity.

The temperature effect on the CO2 adsorption capacity of N-
ANC800 was investigated by performing the CO2 adsorption mea-
surements at various temperatures including 0 �C, 10 �C, and 25 �C
with pressure varying from 0 to 30 bar (Fig. 11 (b)). At a low pres-
sure of 1 bar, the material adsorbed 3.9 mmol g�1 of CO2 which
Fig. 11. The CO2 adsorption isotherms of a) N-ANCx samples measured at a pressure range o
and a common pressure range of 0e30 bar c) Isosteric heat of adsorption of N-ANCx samples
and 25 �C and d) Comparison of N-ANC800 with the K-HNT and other porous carbon mate
derived from K-HNT without activation. (A colour version of this figure can be viewed onli
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increased to 24.2 mmol g�1 at 30 bar (Fig. 11(a)). The effect of the
temperature on the CO2 adsorption capacity of N-ANC800 shows
that it decreases with an increase in the adsorption temperature.
For example, at the low pressure of 1 bar, the CO2 adsorption ca-
pacity at 25 �C is 2.0 mmol g�1, which is almost half of what is
observed at 0 �C. These results suggest that the adsorption of CO2
molecules in N-ANC800 is more favourable at lower temperatures
which indicates that the adsorption is exothermic. The adsorption
isotherms collected at three different temperatures were used to
calculate the isosteric heat of adsorption with the formula derived
by Clausius and Clapeyron (Fig. 11(c)). The isoelectric heat of
adsorption falls in the range 31.9 to 24.8 kJ mol�1, which is lower
than the values reported for the chemisorption [43,44]. The lower
value of isosteric heat of adsorption suggests that the interactions
between the adsorbent and mildly acidic CO2 molecules are mod-
erate, and the mode of adsorption is physical in nature [45]. It is
generally believed that, for porous materials such as carbon, the
main determining factor for the adsorption of CO2 molecules is the
specific surface area. However, the presence of nitrogen functional
groups on the surface also plays an important role in boosting the
CO2 and adsorbent interactions. This is confirmed by the results
that the porous carbon derived from HNT without any nitrogen
doping adsorbed only 13.7 mmol g�1 which is much lesser as
compared to the adsorption ability of the N-ANC800
(24.4 mmol g�1) (Fig. 11(d)). These results point out that both the
pore structure and N-doping in N-ANC800 significantly influence
the high-pressure CO2 adsorption capacity. The introduction of
nitrogen not only improves the electron density of the carbon
structure but also introduces Lewis basic sites which will enhance
the adsorption of the CO2 molecules through Lewis-acid (CO2)/
Lewis-base (N atoms in the carbon nanostructure of N-ANC800)
f 0e30 bar, and b) N-ANC800 measured at three different temperatures 0, 10 and 25 �C
calculated from adsorption isotherms obtained at three different temperatures of 0, 10
rials: HNC- Porous carbon derived from K-HNT; N-HNC800 e N doped porous carbon
ne.)
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interactions [2]. In Table S4, the adsorption performances of N-
ANCx are also compared with other relevant porous carbon mate-
rials. The comparison of the CO2 adsorption of N-ANCx was done
with the nitrogen functionalised mesoporous carbons, N-doped
activated carbon and mesoporous carbon nitrides and the data
revealed that N-ANCx has high CO2 adsorption capacity than the
compared materials owing to its superior textural properties and
nitrogen doping. In addition, the CO2 adsorption capacity of N-
ANC800 is far better than other materials such as CNTs (both single-
walled and multi-walled), activated carbons, mesoporous carbons,
mesoporous silica, and mesoporous carbon nitrides [16]. However,
few other studies reported nitrogen functionalised porous carbon-
based adsorbents with high CO2 adsorption, but these materials
require a complex synthesis process and expensive chemicals. The
high CO2 adsorption capacities of the synthesized materials N-
ANCx from a low-cost and straightforward strategy present a huge
potential in this field. Moreover, the abundant availability of natural
halloysite and the low cost of other starting precursors are attrac-
tive prospects for commercialization.

This paper discloses a straightforward synthesis strategy to
fabricate N-doped activated carbon nanostructures inwhich carbon
precursor, nitrogen precursor and the activating agent (ZnCl2) were
all impregnated in a mixed kaolin-halloysite template in a single
step. The synthesis method has the advantages that the non-toxic
precursor is taken as a carbon source, and novel nitrogen precur-
sor is used as the nitrogen source, and the characteristics of low
production cost and simple preparation process are achieved. The
nitrogen-doped activated carbons with different nitrogen contents
and specific surface areas can be prepared by controlling the ratio of
the carbon source to the nitrogen source and selecting an appro-
priate carbonization temperature. The synthesized nitrogen-doped
activated carbon can serve as an electrode material, and an
adsorbent.

4. Conclusions

This work presented an efficient and straightforward approach
for synthesizing N-doped activated nanoporous carbon with flake
and tubular morphology from inexpensive and naturally abundant
halloysite template. The approach involved an integration of in-situ
doping, activation and nanotemplating with natural nanoclays. The
synthesized materials exhibited large specific surface areas, pore
volumes and tunable nitrogen content. The optimized nitrogen-
doped nanoporous carbon material with the high crystallinity
outperformed other nanoporous carbonmaterials, activated carbon
and carbon nanotubes by showing a specific capacitance of
299 F g�1 at a current density of 0.3 A g�1, while the sample with
the optimized surface area and nitrogen content prepared at 800 �C
exhibited a high CO2 uptake ability of 24.4 mmol g�1 at 0 �C and
30 bar. The templating and activation induced both micropores and
mesopores which may be responsible for the high specific surface
area, more active sites, and more surface functional groups, leading
to high-performance supercapacitor and CO2 adsorption ability. We
strongly believe that the innovative approach demonstrated in this
work will provide a novel platform for the design of a series of low
cost and advanced nanoporous materials with exciting textural
properties and heteroatoms which may be of benefit for various
fields such as gas adsorption, separation, catalysis and the energy-
related storage applications.
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