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Ordered Mesoporous Boron Carbon Nitrides with Tunable
Mesopore Nanoarchitectonics for Energy Storage and CO2
Adsorption Properties

CI Sathish,* Gopalakrishnan Kothandam, Premkumar Selvarajan, Zhihao Lei,
Jangmee Lee, Jiangtao Qu, Ala’a H. Al-Muhtaseb, Xiaojiang Yu, Mark B. H. Breese,
Rongkun Zheng, Jiabao Yi,* and Ajayan Vinu*

Porous boron carbon nitride (BCN) is one of the exciting systems with unique
electrochemical and adsorption properties. However, the synthesis of low-cost
and porous BCN with tunable porosity is challenging, limiting its full potential
in a variety of applications. Herein, the preparation of well-defined
mesoporous boron carbon nitride (MBCN) with high specific surface area,
tunable pores, and nitrogen contents is demonstrated through a simple
integration of chemical polymerization of readily available sucrose and borane
ammonia complex (BAC) through the nano-hard-templating approach. The
bimodal pores are introduced in MBCN by controlling the self-organization of
BAC and sucrose molecules within the nanochannels of the template. It is
found that the optimized sample shows a high specific capacitance (296 F g−1

at 0.5 A g−1), large specific capacity for sodium-ion battery (349 mAg h−1 at 50
mAh g−1), and excellent CO2 adsorption capacity (27.14 mmol g−1 at 30 bar).
Density functional theory calculations demonstrate that different adsorption
sites (B–C, B–N, C–N, and C–C) and the large specific surface area strongly
support the high adsorption capacity. This finding offers an innovative
breakthrough in the design and development of MBCN nanostructures for
energy storage and carbon capture applications.
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1. Introduction

Graphene-based materials have been receiv-
ing a lot of attention in recent years ow-
ing to their outstanding thermal, electri-
cal, and electronic properties such as bal-
listic transport, high thermal conductiv-
ity, and better electrical conductivity com-
pared to metals.[1,2] Even though the gap-
less nature of graphene limits its applica-
tions in the semiconductor industries and
many other areas, such as electrocataly-
sis, theoretical calculations predicted that
the bandgap of graphene could be opened
and tuned by doping with heteroatoms
such as boron and nitrogen.[3] Generally,
graphene doped with nitrogen behaves as
an n-type semiconductor,[4] whereas boron-
doped graphene shows a p-type behavior.[5]

Moreover, nitrogen or boron doping can in-
duce active sites, leading to excellent elec-
trochemical properties for various applica-
tions, such as supercapacitors, batteries,
and carbon dioxide capture.[6,7] In addition,

reports have shown that when N and B are codoped in the
graphene lattice, a cumulative effect for electrochemical proper-
ties from both elements is achieved.[8]
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Figure 1. Schematic representation of the synthetic procedure for mesoporous BCN.

Boron carbon nitrides (BCNs) are an important class of mate-
rials with a unique band structure containing graphene, boron
nitride along with BCN ring which offers an excellent platform
for adsorption, photocatalytic, electrocatalytic, and photoredox
applications.[9] Unfortunately, BCN without any porous or opti-
mized band structure is unavailing for energy storage or adsorp-
tion. Although there are numerous developments on controlling
the porous structure and electronic properties of the BCN mate-
rials for various applications,[10] it still suffers from low structural
order and surface area, poor electronic conductivity, and high
cost of production due to expensive precursors. Therefore, the
design and development of ordered BCN with controlled porous
structure and tunable conductivity are critical for maximizing
this fascinating material’s potential in the field of energy stor-
age, adsorption, removal of complex chemical contaminants, and
sensing.[6,11–13]

Creating ordered mesopores in the nanomaterials is the key
to open many hidden features of a particular material.[14] Activa-
tion strategy has been adopted to introduce nanoporosity in BCN.
Although this approach was successful in generating a high spe-
cific surface area, the lack of ordered pores limits its performance
in the adsorption of CO2 and methane.[12,15,16] The activation ap-
proach creates a lot of hidden meso- or micropores, which may
not be accessible for the reactant or adsorbate molecules, signif-
icantly affecting its performance in adsorption and separation.
Hard-templating strategy is one of the unique strategies for syn-
thesizing ordered mesoporous BCN materials. Our group pre-
viously reported an elemental substitution technique to create
nanoporosity in BN and BCN nanostructures using mesoporous
carbon as the template.[16] However, this method proceeded BCN
with disordered porous structure and poor specific surface area
and required ultrahigh temperature, which increases the pro-
duction cost of BCN. Hence, it is a challenge to fabricate or-

dered BCN with low cost and tunable pore sizes and conduc-
tivity for sodium-ion batteries, supercapacitors, and CO2 adsorp-
tion. In this communication, we show a facile method to syn-
thesize highly ordered mesoporous BCNs with tunable pores,
surface areas, and nitrogen contents through a simple interac-
tion of borane ammonia complex (BAC) with low-cost sucrose
molecules, combined with the hard-templating approach. Nitro-
gen adsorption, powder X-ray diffraction (XRD), and high res-
olution transmission electron microscopy (HRTEM) measures
reveal a well-ordered mesoporous structure with a high spe-
cific surface area. Mesoporous boron carbon nitride (MBCN) ex-
hibits much higher specific capacitance as compared to bulk
BCN and mesoporous carbon. It also displays a higher spe-
cific capacity for sodium-ion battery and larger adsorption ca-
pacity for CO2 molecules as compared to the multiwalled car-
bon nanotube, mesoporous carbon, mesoporous silica, activated
carbon, and mesoporous carbon nitrides. With the combination
of excellent textural parameters, ordered porous structure, and
tunable nitrogen contents, BCN offers the platform for various
applications.

2. Results and Discussion

MBCNs were synthesized using Santa Barbara Amorphous-15
(SBA-15) (Supporting Information) as a template and sucrose,
BAC as the carbon, boron, and nitrogen precursors. Figure 1 rep-
resents a schematic description of the synthesis process, and the
detailed procedure is given in the Supporting Information. The
samples are denoted as MBCNx where x denotes amount of BAC
in gram. The low- and high-angle XRD patterns of BCN synthe-
sized with different BN concentrations are shown in Figure 2. As
depicted in Figure 2a, all these materials show a broad hump at
the low angle that can be indexed to the (100), (110), (200) reflec-
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Figure 2. a) Low-angle and b) high-angle powder X-ray diffraction patterns. c) N2 adsorption–desorption isotherm. d,e) SEM images showing rod-like
morphology of MBCN1. f,g) HRTEM images showing an ordered porous structure in MBCN1 and the corresponding EDX mapping of h) boron, i)
carbon, j) nitrogen of MBCN1 sample, and k) EELS spectra of MBCN samples.

tions of the 2D hexagonal space group p6mm, indicating that the
well-ordered mesoporous structure was replicated from SBA-15.
A similar mesoporous structure was previously observed for or-
dered mesoporous carbons (Figure S1a,b, Supporting Informa-
tion). The ordered structure formation is attributed to the stable
self-assembled molecular structure formed within the nanochan-
nels of the template through a simple hydrogen bonding be-
tween the BAC molecules and the hydroxyl groups of the sucrose
molecules. Upon the heat treatment, the water molecules are re-
moved to form a stable BCN network within the nanochannels of
the template. The mesoporous structure of the template is repli-
cated into the BCN network after removing the template with HF.
It is noted that the low angle peak is shifted toward a higher angle

as the amount of BAC is increased. When the amount of BAC is
low, the d-spacing of the sample is increased due to the incom-
plete filling of the pores with the BCN complex that expands the
unit cell size upon the heat treatment and the template removal.
Likewise, when the amount of BAC is reduced to 0.05 g, struc-
tural order collapses in BCN due to incomplete polymerization
between BAC and sucrose molecules (Figure S2, Supporting In-
formation). Wide-angle XRD patterns of the samples display two
broad peaks around 25° and 43° (CuK𝛼), corresponding to the
(002) and (100) lattice planes of BCN with a layered hexagonal
boron nitride (h-BN) like structure (Figure 2b).[16] While increas-
ing the amounts of BN precursor from 0.1 to 0.4 g, a broadening
of the peak accompanied by a slight peak shift to the lower angle
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is observed,[2] confirming the doping of BN in the carbon lattice
that forms ternary B–C–N compound.

Nitrogen adsorption–desorption studies were performed to
understand the mesoscale ordering and textural parameters of
MBCN. MBCN samples display a type-IV isotherm and exhibit
H1 hysteresis with featured capillary condensation in the higher
relative pressure region, indicating the presence of well-ordered
mesopores in all the samples (Figure 2c). For MBCN1, there
are two distinct capillary condensation steps in the isotherm,
confirming two types of interconnected mesopores. These bi-
modal pores are highly beneficial for adsorption and energy
storage applications (Figures S3 and S4b, Supporting Informa-
tion). The MBCN samples also show high specific surface areas
(1165.9–626.5 m2 g−1) and large pore volumes (2.18–0.44 cm3

g−1). MBCN1 registers the highest specific surface area and the
specific pore volume. It is interesting to note that the specific pore
volume of MBCN1 is 2.18 cm3 g−1 which is much higher than
that of ordered mesoporous carbon (1.75 cm3 g−1) (Figure S4a
and Table S1, Supporting Information). The specific surface area
and the pore volume decrease with the concomitant increase of
the pore diameter as the amount of BAC is increased in the syn-
thesis mixture (Table S1, Supporting Information). High resolu-
tion scanning electron microscopy (HR-SEM) images of MBCN
show uniform rod-shaped morphology with the length varying
between 400 and 600 nm and the width of 80–200 nm and uni-
form mesopores (Figure 2d,e and Figure S5 (Supporting Infor-
mation)), similar to the template materials, confirming the suc-
cessful replication of the mesoporous SBA-15 template. Repre-
sentative HRTEM images of sample MBCN1 at different magnifi-
cations reveal the presence of a well-ordered mesoporous channel
(Figure 2f,g), and this well-ordered mesoporous matrix is seen
throughout all the samples, as shown in Figure S6 (Supporting
Information). From the images, it is endorsed that the structural
order is fully conserved during the replication process, and the
template elimination process did not destroy the mesoporous na-
ture of BCN samples.

The nature and coordination of B, C, and N and their dis-
tributions were confirmed by high-resolution electron energy
loss spectroscopy (EELS) spectra (Figure 2k) and the energy
dispersive X-ray analysis (EDX) and elemental mapping, re-
spectively (Figure 2h–j and Figure S7 (Supporting Informa-
tion)). The elemental quantification of the integrated EELS
signals commensurates with B0.132C0.725N0.142, B0.168C0.655N0.176,
B0.192C0.598N0.208, and B0.219C0.548N0.232 stoichiometry in MBCN1,
MBCN2, MBCN3, and MBCN4 samples, respectively. EELS spec-
tra of the samples reveal K-shell excitation edges of B, N, and C
(Figure 2k). All the samples display a clear splitting of 𝜋* and
𝜎* peaks attributed to the sp2 hybridization, further confirming
graphitic-like structure in the MBCN samples. A clear increase in
the intensity of the N K-shell excitation peak with the concomi-
tant decrease of the C K-shell excitation peak is observed when
the amount of BAC is increased from 0.1 to 0.4 g. These results
clearly endorse that our facile method can control the compo-
sition of B and N in MBCN with the simple adjustment of the
amount of BAC. It should also be noted that BCN phase cannot
be formed when the amount of BAC is reduced below 0.1 g.

Fourier transform infrared (FTIR) spectroscopy analysis was
performed to obtain a deeper insight into the chemical structure
of MBCN. The spectra of MBCN samples show B–N bond at 1398

and 728 cm−1 and B–C bond at 1264, 1123, and 1084 cm−1 for
all the BCN samples (Figure 3a). The broad and large absorp-
tion band after 728 cm−1 corresponds to the out-of-plane bend-
ing vibration of B–N–B bonds, whereas the small band at ≈1398
cm−1 attributes to the in-plane transverse stretching vibration of
the B–N bond, indicating that the hexagonal structure of h-BN
is maintained in the BCN structure.[17] The peak at 1264 cm−1 is
related to the B–C bond, which becomes smaller as the amount
of the BN precursor is increased. The band at 1084 cm−1 corre-
sponds to both B–C vibrations and sp3 stretching mode of B–N
bands, confirming the nonexistence of the cubic phase of BN.[18]

The band located at ≈1598 cm−1 is assigned to the sp2 C–N bonds.
Functional groups identified from the FTIR results clearly show
the formation of BCN. The structure of MBCN was also analyzed
using Raman spectroscopy. Figure 3b shows two obvious peaks
at 1330 and 1570 cm−1, corresponding to the D-band and G-band
of carbon, respectively. The G-band arises from the bond stretch-
ing of sp2-bonded pairs, while the D-band is associated with the
sp3 carbon of the defective site. As the amount of B and N is in-
creased, a decrease in the intensity of D- and G-band peaks is
observed. The intensity ratio of ID/IG also increases from 1.01
to 1.04, increasing the amount of B and N in the samples, con-
firming a higher ratio of carbon defects in MBCN4.[19] Two small
peaks at 2700 and 2900 cm−1 corresponding to the weak 2D- and
D + G-bands also suggest the existence of defects generated from
the incorporation of B and N in the carbon framework.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out to analyze the electronic structure and composition.
The XPS survey spectra reveal the presence of boron, carbon, ni-
trogen, and oxygen present in the MBCN samples (Figure S8,
Supporting Information). The small amount of oxygen that is in-
creased with increasing the N content may be originated from the
adsorbed oxygen on the surface. The core-level spectrum of B 1s
in Figure 3c (MBCN1) can be deconvoluted into two well-resolved
peaks that are centered at 190.9 and 192.3 eV. These peaks cor-
respond to the B–C and B–N bonds, respectively.[20] The B–C
and B–N bond percentage calculated from the B 1s spectrum for
MBCN1 is 54.3% and 45.7%, respectively. A similar percentage
of B–C and B–N bonds is also observed for the samples MBCN2,
MBCN3, and MBCN4 (Figure S9, Supporting Information). The
high-resolution XPS C 1s signal of the representative MBCN1
can be deconvoluted into three different peaks centered at 283.9,
284.7, and 287.2 eV, corresponding to B–C, sp2 carbons C–C,
and C–N bonds, respectively (Figure 3d). From the C 1s spec-
trum deconvolution results, it is noticed that the C–C bond occu-
pies 44.11%, while the B–C and C–N bonds possess 30.05% and
25.84%, respectively, demonstrating that the C–C bond amount
is significantly higher than that of B–C and C–N bonds. While
increasing the amount of BN precursor (Figure S10, Supporting
Information), the C-domain-embedded matrix reduces, wherein
the C–C bond decreases (44.11–37.2%) and the contribution of
B–C and C–N bonds increases gradually to 30.89% and 31.91%,
respectively (samples MBCN2–MBCN4). Thus, C 1s spectra sup-
port the effective incorporation of BN into the carbon, which is
in accordance with the XRD results. N 1s spectrum of MBCN1
(Figure 3e) is deconvoluted into two contributions. The peak
at 398.3 eV (39.6%) corresponds to the pyridinic nitrogen and
N–B bonds,[19,21] while the peak at 400.3 eV (60.4%) attributes to
pyrrolic N.[19] It should be noted that the amount of pyrrolic N is
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Figure 3. a) FTIR spectra of MBCN samples. b) Raman spectra of MBCN samples. c) High-resolution XPS B 1s. d) High-resolution XPS C 1s. e) High-
resolution XPS N 1s spectra. f) B K-edge, g) C K-edge, and h) N K-edge XANES spectra.
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decreased with the concomitant increase of N–B as the content of
the N is increased in the MBCN samples (Table S2, Supporting
Information). The peak at 398.3 eV is slowly merged with the N–B
peak for MBCN3 and MBCN4. Elemental analysis shows that the
composition of carbon and nitrogen varies (“C” – decreases, “N”
– increases) by increasing the amount of B and N (Table S2, Sup-
porting Information), suggesting a successful formation of BCN.
The XPS deconvoluted data are in good agreement with the EELS
analysis, which confirms the presence of ternary BCN.

The spectra of X-ray absorption near-edge spectroscopy
(XANES) were measured for the MBCN samples to provide a
broader view of the local bonding environment of each element.
Figure 3f–h shows the B K-edge, C K-edge, and N K-edge spectra
of the MBCN samples. In the B K-edge spectra, the sharp peak
at 194.5 eV can be assigned to the B 1s → 𝜋* transition, show-
ing a clear fingerprint of sp2 hybridization of the B–N bond for-
mation. We also notice that the intensity of the peak increases
as the amount of BAC increases in the samples from MBCN1
to MBCN4 and confirms the presence of pyridinic nitrogen that
forms a strong sp2 bond with boron. A small broad peak at
192.9 eV showing 𝜋* transition indicates the dominant feature
for higher nitrogen content. The broad peak in the range of
199.8–209 eV corresponds to the 1s → 𝜎* transition, which spec-
ifies the splitting of the peak due to B–C and B–N bonds, and the
same feature can be observed in all other samples.[19] In the car-
bon K-edge spectrum, two sharp peaks at 285.6 and 288.3 eV cor-
respond to the 1s→ 𝜋* transition, contributed from the graphitic,
C–B bonds, and pyridinic nitrogen as in the CN framework.[19]

The broad peak at 292.6 eV matches the 𝜎* transition composed
of the C–C, C–B, and pyridinic C–N bonds. The bonds C–B and
pyridinic C–N contribution seem to increase with the increase in
the concentration of B and N in the samples, and the same fea-
ture has been observed from the XPS data of C 1s spectra. The
broad peak above 300 eV appears due to 𝜎* states that are inter-
preted to be due to the disorder and defect in the density of states
(DOSs) (MBCN1 and MBCN2). The two broad peaks at 397.7 and
400.9 eV in nitrogen K-edge arise from the two unfilled 𝜋* or-
bitals of pyridine and the broad peak centered at 407 eV is also
assigned to the 𝜋* transition similar to pyridine and triazine.[19,22]

MBCN samples were used to make electrodes for supercapac-
itors and sodium-ion batteries to understand the energy storage
performance. The supercapacitive properties were studied in a
three-electrode configuration and alkaline electrolyte (6 m KOH)
media. Figure 4a shows a distinctive cyclic voltammogram of
MBCN samples measured at a scan rate of 20 mV s−1. Cyclic
voltammograms measured at different scan rates are shown in
Figure S10 (Supporting Information). The cyclic voltammetry
(CV) curve of MBCN1 is quasirectangular in shape, while in-
creasing the concentration of BN results in a pseudocapacitive
behavior which is evident from Figure 4a of MBCN2–MBCN4
samples. These results show that the addition of N and B into
the porous carbon matrix changes the electronic properties and
favors the surface reaction and charge transfer, inducing the
pseudocapacitive behavior in the MBCN samples. Galvanostatic
charge–discharge curves were measured from 0 to −0.8 V at 0.5
A g−1, as shown in Figure 4b. The charge–discharge curve of
MBCN1 shows a triangular shape resembling that of an ideal
capacitor, whereas MBCN2–MBCN4 show a battery-like pseudo-
capacitive behavior due to the increased C–N and B–N bonds

in the carbon wall structure. Additionally, a nonlinear galvano-
static charge/discharge curve at around −0.1 V can be observed
during charging that could be attributed to the redox reaction,
which is in good agreement with the oxidation peak observed in
the CV curve.[23] At 0.5 A g−1, MBCN1–MBCN4 display a spe-
cific capacitance of 296, 269, 257, and 221 F g−1, respectively.
In the case of MBCN1, high surface area with bimodal meso-
pores could increase the electrolyte/electrode contact area and
provide more active sites beneficial for enhancing the diffusion
of the electrolyte ions that lead to a high specific capacitance.[24]

Notably, the specific capacitance of the samples is ≈2.5 times
higher than mesoporous carbon (121 F g−1 at 0.5 A g−1). Figure 4c
shows the current density versus specific capacitance plot, where
the specific capacitance decreases with an increase in the cur-
rent density (Figure S11, Supporting Information). The specific
capacitance decreases at a higher charge–discharge rate, which
is due to the occurrence of depletion or saturation of the pro-
tons in the electrolyte, and only the outer surface can be uti-
lized for the charge storage, resulting in a significant reduction
in the specific capacitance.[25] The phenomenon is very common
in supercapacitors due to the sluggish kinetics of electrochem-
ical activities under a high charge/discharge rate. The electro-
chemical impedance spectroscopy (EIS) data of MBCN1 show
the lowest charge transfer resistance when compared to other
MBCN samples (Figure 4d). The electrochemical series resis-
tance of the MBCN samples is 0.50, 0.55, 0.88, and 0.99 Ω for
MBCN1–MBCN4, respectively, indicating that the Ohmic resis-
tance increases when the concentration of B and N increases in
the MBCN samples.

As the prepared MBCN materials exhibit a unique bonding
structure, ordered mesopores, and textural parameters, we ap-
plied them as anode materials for sodium-ion batteries. Figure 4e
shows the cyclic voltammogram of MBCN1 measured at 0.2 mV
s−1 in the potential range of 0–2.5 V. The 1st cycle of the CV
curve displays a distinct large reduction in the intensity of peaks
around 1.2 and 0.56 V corresponding to the irreversible reac-
tion between the sodium ion and the surface functional groups
(B–N domains), the decomposition of the electrolyte, and forma-
tion of the solid electrolyte interface (SEI) layer. Also, the peak
at 1.2 and 0.01 V is attributed to the sodium extraction from the
nanopores and the sodium insertion or extraction at the inter-
layer of the MBCN material. Similar trends are also observed in
MBCN2–MBCN4 samples, as shown in Figure S12 (Supporting
Information). A long cathodic and anodic slope from 0.8 to 0.01 V
and at 0.2 V indicates the excellent reversibility of Na+ inser-
tion/extraction reaction in the rest of the cycles.[26] The constant
current charge–discharge measurements of the MBCN1 sample
were measured at 100 mA g−1 between a potential window of 0–
2.5 V (vs Na+/Na), as shown in Figure 4f. The charge–discharge
profiles of repeated cycles almost overlapped, indicating that the
structure of MBCN material is highly stable. The Coulombic ef-
ficiency of MBCN samples is very low in the first cycle of around
24.9%, whereas the second cycle almost reaches 100% (Figure
S13, Supporting Information). This performance might be due
to the irreversible sodium loss during the formation of the SEI
layer at the beginning and a common phenomenon in carbon
materials with a high surface area resulting from porosity, de-
fects, and functional groups, which results in the initial capacity
loss.[27] The irreversible capacity loss in the initial cycles can be di-
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Figure 4. a) Cyclic voltammetry curves and b) charge–discharge profile of MBCN samples measured at 0.5 A g−1. c) Specific capacitance of MBCN
sample at different current densities. d) EIS spectra. e) CV profiles of MBCN1 at a scan rate of 0.2 mV s−1. f) First discharge and second charge and
discharge profiles of MBCN at a current density of 100 mAh g−1. g) Cycling performances with a Coulomb efficiency of MBCN1 at a current density of 100
mA g−1. h) Rate capability. i) Contribution of (pseudo)capacitive behavior (colored region) to the overall sodium storage. j) Normalized contribution of
(pseudo)capacitive and diffusion-controlled charge storage in MBCN1, yellow and brown colors represent (pseudo)capacitive and diffusion-controlled
contribution, respectively. k) CO2 adsorption isotherm of MBCN samples measured at 0 °C and l) breakthrough curves of MBCN1 samples at 0, 10, 25,
and 50 °C.

minished by optimizing the binders or adding additives and sur-
face treatment to form a stable solid electrolyte interface film be-
fore cycling.[28] Figure 4g displays the cyclic stability of the MBCN
samples measured at 100 mA g−1. MBCN1 delivered a reversible
specific capacity of 237 mAh g−1 after 100 cycles, while MBCN2–
MBCN4 exhibited 191, 175, and 142 mAh g−1, respectively. The
rate capability of MBCN was measured at different current den-
sities (Figure 4h). After numerous sodium insertion and extrac-
tion processes, a high reversible capacity was achieved for the

MBCN1 sample. MBCN1 revealed excellent cyclic stability and
delivered an average specific capacity of 349 mAh g−1 at 50 mA
g−1, which is much higher than other heteroatom-doped car-
bon samples reported (Table S3, Supporting Information). The
boron-doped 3D hierarchical porous carbon exhibited a capacity
of 200 mAh g−1 at 100 mA g−1, B-doped porous carbon with a
termite net structure delivers a reversible charge capacity of 177
mAh g−1 at 100 mA g−1, and a charge capacity of 310 mAh g−1

at a specific current of 50 mA g−1 was reported for the boron-
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doped graphene quantum dot material.[29] Likewise, nitrogen-
doped biomass carbon and carbon nanofiber revealed a capacity
of 152 mAh g−1 at 50 mA g−1 and 282 mAh g−1 at 100 mA g−1,
respectively.[27,30] While nitrogen- and oxygen-doped porous car-
bon and boron-doped Sb/SbO2@reduced graphene oxide (rGO)
composite performed better than boron and phosphorous dual-
doped carbon microspheres with a capacity of 221.9 mAh g−1

at 50 mA g−1.[31] The excellent storage performance of MBCN1
could be ascribed to the hierarchical tunable mesoporous nanoar-
chitectonics, defects, and the expansion of the interlayer distance
created by the heteroatom doping. The higher specific capacity
of MBCN1 compared to MBCN2–MBCN4 should be associated
with the higher surface area, unique bonding structure, and bet-
ter ionic charge kinetics. All the samples exhibit better perfor-
mance than pure mesoporous carbon (MC), suggesting that B
and N in the porous carbon matrix offer more active sites and rel-
atively low resistance for fast ion transport. To investigate the con-
tribution of (pseudo)capacitive behavior in electrochemical prop-
erty of present MBCN1, CV analyses with six different scan rates
were carried out (Figure S14a, Supporting Information). Based
on the equation of I = 𝛼𝜈

b, where I is the measured current, 𝜈 is
the sweep rate, and 𝛼- and b-values are variable parameters,[32]

b-values were estimated as 0.86 and 0.77 at the cathode and
anode sweeps, respectively (Figure S14b, Supporting Informa-
tion), underscoring the partial contribution of (pseudo)capacitive
behavior on sodiation/desodiation process (Figure 4i). Further-
more, based on the equation i(V) = k1𝜈 + k2𝜈

1/2, the contri-
bution of (pseudo)capacitive behavior could be quantified.[32]

At the scan rate of 1.0 mV s−1, MBCN1 appears to possess
77% of (pseudo)capacitive contribution, which is more domi-
nant rather than a diffusion-controlled contribution, as shown
in Figure 4j. This behavior can be ascribed to the high surface
area and the presence of a large number of active sites in the
interconnected meso- and microporous channels of the MBCN
structure.

We have demonstrated that the obtained MBCN has a high spe-
cific surface area, highly porous and stable structure with tunable
mesopores, and ultra-micropores that intrigue us to explore their
potential for CO2 capture. Figure 4k shows the CO2 adsorption
curves of the MBCN materials investigated with a 0–30 bar pres-
sure range at 0 °C. The CO2 adsorption capacities of MBCN1–
MBCN4 samples at 30 bar pressure range 27.14–12.71 mmol g−1.
From Figure 4k, we can observe a rapid increase of CO2 uptake
at the lower pressure range followed by a gradual increase in
the high-pressure region without saturation. The sample MBCN2
with more micropores shows a higher amount of CO2 adsorp-
tion at 1 bar (2.56 mmol g−1) than that of other samples (MBCN1,
2.36 mmol g−1; MBCN3, 2.43 mmol g−1; and MBCN4, 2.46 mmol
g−1). The CO2 adsorption capacities of these materials at the low
temperature are consistent with the trend of the t-plot micropore
area from the N2 adsorption analysis (Table S1, Supporting In-
formation). In the high-pressure region, the CO2 uptake follows
a different trend. The sample MBCN1, which has a larger sur-
face area and higher pore volume, shows higher CO2 adsorption
until 30 bar pressure. Activated porous carbon derived using hal-
loysite as a template,[33] N-doped carbon,[34] and biomass-derived
carbons[35] showed similar behavior. This scenario clarifies that
at the lower pressure range, the acidic CO2 molecules are ph-
ysisorbed to the micropore channels presented inside the meso-

pores of BCNs. An increase in pressure fills the CO2 molecules
to the mesopores, and additionally, the heteroatoms embedded
in the hexagonal porous wall channels physically bind more
molecules, leading to a higher adsorption amount. Additionally,
the basic functionalities were measured and calculated using the
temperature programmed desorption (TPD) of CO2. The unique
desorption peak centered around 100 °C could be attributed to
the fact that the MBCN1 sample registers the highest specific
surface area, which helps to adsorb a large amount of CO2 in the
porous channels. However, these CO2 molecules are desorbed at
low temperature due to their poor interaction with the surface of
MBCN1 resulting from the lower number of nitrogen atoms as
compared to other samples. As can be noticed, the intensity of the
peak at low temperature decreased significantly as the amount
of the nitrogen atom increased in the MBCN samples.[36] It has
been found that MBCN1 registers the highest basicity among
the MBCN samples prepared. MBCN1 exhibits high basicity of
0.813 mmol g−1 (Figure S15a and Table S4, Supporting Informa-
tion) that triggered high adsorption of the acidic CO2 molecules.
It is also demonstrated that MBCN samples are robust and do not
collapse even at a high pressure of 30 bar. The saturation limit is
not achieved yet, which implies that these materials may accom-
modate more CO2 molecules into the mesoporous channels at
pressures higher than 30 bar.

As MBCN1 samples showed the highest adsorption capacity
(27.14 mmol g−1), temperature-dependent adsorption studies
of this sample at 0, 10, 25 °C with a pressure from 0 to 30 bar
were carried out (Figure S15b, Supporting Information). The
capacity of CO2 adsorption at 30 and 1 bar decreased to 20.19 and
2.01 mmol g−1 at 10 °C compared to 27.14 and 2.36 mmol g−1

at 0 °C, and the value further decreased to 17.90 and 1.64 mmol
g−1 while increasing the adsorption temperature to 25 °C,
indicating that low temperature and an exothermic adsorption
phenomenon favor higher amount of CO2 adsorption.[33] While
comparing the results of MBCN with the other adsorbents,
including ordered MC, activated carbon, carbon nanotubes,
mesoporous silica, mesoporous carbon nitride, and halloysite, it
is noticed that MBCN1 registers the highest adsorption capacity.
For example, the adsorption capacity of MBCN1 is 1.58 times
higher than that of MC, which registers only 17.2 mmol g−1 at
0 °C (Figure S15b, Supporting Information). CO2 adsorption of
MBCN1 was further compared with different carbon-based mate-
rials reported previously (Figure S15c, Supporting Information).
It was found that the CO2 adsorption of MBCN1 in our work is
much higher than reported. To understand the mechanism of
CO2 adsorption between the adsorbent and CO2, the Clausius–
Clapeyron equation was applied to the isotherms measured at 0,
10, 25 °C of MBCN1 to calculate the isosteric heat of adsorption
(Qst). As shown in Figure S15d (Supporting Information), the Qst
value calculated for CO2 is in the range of 21.70–6.51 kJ mol−1.
The isosteric heat of adsorption value at the low pressure is 21.70
kJ mol−1, suggesting that physisorption is a dominant interac-
tion between adsorbent and CO2. With the increasing pressure
and CO2 adsorption capacity, the heat of adsorption decreases,
which may be due to the heterogeneous nature of adsorption
sites. Similarly, CO2 breakthrough measurements (Figure 4l) of
MBCN1 were measured at atmospheric pressure by varying tem-
peratures from 0, 10, 25, to 50 °C using a concentration of 1 vol%
CO2 mixed with helium gas. The amount of CO2 adsorbed was
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Figure 5. a) Optimized structure (blue, pink, and black represent nitrogen, boron, and carbon). b) 2D charge density. The CO2 adsorption profile of
MBCN c) Model I, d) Model II, e) Model III, and f) Model IV (black, blue, and pink represent carbon, nitrogen, and boron, red represents O of CO2).

calculated from the difference between the empty and sample
curve. It is clear from the figure that the amount of CO2 captured
by the adsorption sites on MBCN1 increases with a decrease in
adsorption temperature. The saturation time for adsorption is
quite long at 0 °C (≈300 s) and significantly decreases at 50 °C
(≈190 s). This could be attributed to the sample’s high surface
area (1165.9 m2 g−1) and large pore volume (2.14 cm3 g−1). Early
breakthrough time will result in a less CO2 uptake (0.385 mmol
g−1), and a longer time will ensue a higher uptake (0.696 mmol
g−1). These results demonstrate that the material would be a good
adsorbent material at low concentrations due to the fast-kinetic
uptake of CO2. It is observable from the CO2 capture studies that
exceptional textural features such as high surface area, porosity,
and micropores in MBCN samples strongly influence the CO2
adsorption, and additionally, the presence of heteroatoms en-
hances the interactions between adsorbent and CO2 molecules.

The CO2 adsorption ability of BCN has been proven to be
higher than pristine graphene.[37] It was previously demonstrated
that the CO2 adsorption ability of BCN depends on the chemi-
cal bonding environment of the functional groups in the BCN
framework.[12] It was also highlighted that CO2 adsorption abil-
ity would be in the order of pyridone > pyridine > amine >

quaternary > pyridine-N-oxide > cyanide > pyrrole functional
groups. It was identified that in both pyridone and pyridine, CO2
preferred to adsorb at the adjacent carbon atom. However, the
CO2 adsorption energy profile of graphene-like B–C–N configu-
ration is not yet studied. Hence in the present investigation, den-
sity functional theory calculations were carried out to investigate
the CO2 adsorption property of MBCN samples. A 5 × 5 super-
cell of graphene aromatic ring structure was chosen to represent
MBCNs. The number of C, B, and N atoms of MBCNs was cho-
sen according to the C, B, and N concentrations identified from
the XPS and EELS measurements. The optimized structure, band
structure and DOS of MBCN1, MBCN2, MBCN3, and MBCN4

are shown in Figure 5a and Figures S16 and S17 (Supporting
Information). In the optimized structure of MBCN, the average
bond length of B–C, B–N, C–C, and C–N is obtained as 1.48, 1.45,
1.42, and 1.38 Å, respectively. The relatively large B–C and B–N
bond lengths lead to the increase in the lattice constant.[12,38] The
simulated charge density profile of MBCN indicates that the elec-
tron is delocalized between the atoms. However, the electron den-
sity around B atoms is less compared to C and N, which might
be due to the electron deficiency nature of B compared to C and
N. Moreover, the charge density profile indicates that the N atom
substituted on the adjacent B site behaves like pyridinic-N and
the N atom substituted on the adjacent C atom behaves like a
graphitic-N. The observed results indicate that position of N plays
a critical role in the charge density profile.

Four different CO2 adsorption orientations were considered to
probe the interaction between MBCNs and CO2 (Figure 5c–f). In
Model I, Model II, Model III, and Model IV, the CO2 molecule is
relaxed above the B–C, B–N, C–N, and C–C, respectively. The av-
erage distance between the adsorbed CO2 molecule and MBCNs
is calculated as 3.2 Å. The calculated CO2 adsorption energy
of MBCNs corresponding to Model I, Model II, Model III, and
Model IV was −1.96, −1.94, −1.93, and −1.95 eV, respectively.
The CO2 adsorption energy on MBCNs therefore follows the or-
der of B–C > C–C > B–N > C–N. The negative adsorption values
of all the models indicate that CO2 molecule can adsorb on all the
sites of MBCNs and the most preferable site is on B–C. While, the
lower CO2 adsorption energy of C–N compared to that of C–C
supports the claim that CO2 molecule prefers to adsorb on the
carbon adjacent to N. Therefore, the high adsorption of CO2 is
due to the combination effect of high surface area and large ac-
tive sites by B and N doping. As the higher doping concentration
of B and N results in reduced surface area, it significantly weak-
ens overall adsorption ability due to less number of adsorption
sites. Therefore, MBCN1, which has the highest specific surface
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area and the reasonable amount of B and N, exhibits the highest
adsorption ability for CO2 molecules.

3. Conclusion

In conclusion, we demonstrated a low-cost synthesis approach
for the preparation of well-ordered MBCN with bimodal pores
and tunable nitrogen contents with high specific surface area
and large pore volume through an integrated approach of com-
bining self-assembly of low-cost precursors and the nano-hard-
templating approach. It was found that the specific surface area,
pore volume, pore diameter, and nitrogen contents can be con-
trolled through a simple adjustment of the amount of BAC in
the synthesis mixture. The optimal MBCN sample exhibits a high
specific surface area of 1166 m2 g−1 with a large meso- and micro-
pore volume. We find that the optimized sample shows a specific
capacitance of 296 F g−1 at 0.5 A g−1 in the aqueous medium,
which is much higher than the carbon nanotubes (6 times) and
ordered mesoporous carbons (2 times). We also demonstrate for
the first time its potential as an anode for sodium-ion battery with
the specific capacity of 349 mAg h−1 at 50 mAh g−1 with nearly
100% Coulombic efficiency. In addition, MBCN shows an excel-
lent CO2 adsorption capacity of 27.14 mmol g−1 at 30 bar pres-
sure. We also demonstrated through density functional theory
calculations that the combination of high textural parameters and
the specific functional groups is required to achieve a high CO2
adsorption capacity. On the other hand, the high electrochemical
performance of the MBCN samples is the direct contribution of
the synergistic effect associated with the high surface area, en-
hanced ion transport kinetics, and B and N in the carbon active
sites. We surmise that these nanostructured BCNs may provide
new openings in the fabrication of innovative materials for both
adsorption and energy storage and conversion applications.

4. Experimental Section
Experiment details are provided in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or from
the author.
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