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ABSTRACT 
 
Carbide-derived carbon (CDC) has been examined due 

to its useful conformal character. However, its variety of 
chemical composition is limited because functionalized 
atoms in its carbonaceous structure, especially with 
nitrogen, are unstable during high-temperature processing. 
In this paper, we report the enhanced nitrogen stability and 
an increase in surface area by boron addition. We also 
synthesized a hollow granule structure of nitrogen/boron 
co-doped porous carbon (CNB) in high yield by using a 
nitrogen-rich precursor without any additive template. High 
CO2 capture (3.7 mmol/g) was measured at ambient 
temperature and 1bar with an excellent CO2/N2 selectivity. 
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1 INTRODUCTION 
 
For negligible reactivity of pure carbon, heterogeneous 

atoms, such as nitrogen and boron, has been substituted in 
carbon structure. Nitrogen-doped porous carbon (CN) 
materials have maintained extensive research interest. The 
most popular and effective synthesis method employs 
templates with suitable nitrogen precursors, e.g., melamine, 
acetonitrile, and diaminobenzene. Boron-doped porous 
carbon (CB) has rarely been reported on, because the 
bonding between carbon and boron is unstable under 
moderate processing conditions. 

In recent years, nitrogen-and-boron-co-doped porous 
carbon (CNB) has received much attention, with examples 
being verified as catalysts, supercapacitors, and gas 
sorbents. However, these materials usually consist of two 
separate phases, a C–N- and a B–N-rich phase owing to the 
C–B instability. Given the difficulty of obtaining a 
homogenous CNB framework, an effective way of the CNB 
synthesis is highly sought after.  

In this paper, we discuss our breakthrough synthesis of 
boron-aided nitrogen-doped porous carbon to create CNBs 
with a robust matrix. The CNB synthesis was by a 
chlorination method, which is similar to the carbide-derived 
carbon (CDC) process [1], easily produced well-developed 
pores without requiring any templates. Small amounts of 
boron were found to act as a stabilizer for the nitrogen-
doped carbon structure at a relatively high temperature of 
800 °C. We denoted samples as CN-XY and CNB-XY 
according to whether a boron source was added; XY 

represents the carbon-to-nitrogen ratio of the Ti(CxNy) 
precursors (y = 1 − x). 

Furthermore, a hollow spherical CNB structure, which 
is generally only prepared by the hard template method[2], 
was achieved by using a nitrogen-rich precursor. According 
to our experiment, despite its moderate surface area, hollow 
CNB37 (synthesized from the Ti(C0.3N0.7) precursor) has a 
high capacity for CO2 capture. The CO2/N2 selectivity, one 
of the key factors for post-combustion CO2 capture, is 
improved significantly. This result might contribute to aid 
carbon capture and storage technology, and thus might be 
very useful, considering that there is an urgent requirement 
for greenhouse gas reduction. 

 
2 RESULTS AND DISCUSSION 

 
Figure 1 shows the N2 sorption of CNs and CNBs at 

77 K. With the exception of non-porous CN37, all samples 
have type I and IV pores. Boron addition causes a sharp 
increase in the adsorption at P/P0 = 0.90 − 0.99 with an H2-
type hysteresis loop, especially when precursors with high 
nitrogen contents are used. The results indicate that the size 
and shape of the pores are not fixed and that the pore size 
spreads from the micro- to the macro-pore regions. No 
significant textural differences exist between CN73 and 
CNB73 except for a small decrease in mesopore volume, 
which seems to be related to the chemical stability of the 
precursor. 

The results are different for CN55 and CNB55. Given 
that the nitrogen functional groups are not sufficiently 
stable during high-temperature chlorination, the CN55 
structure collapses partially because of a deficiency in 
neighboring carbons caused by the formation of CNCl and 
CxNy gas. Thus, the BET surface area decreases as pores are 
encroached in CN55. Pore retention is observed in CNB55 
and becomes very obvious when CN37 and CNB37 are 
compared. Since most of the CN37 structure is lost as 
gaseous CNCl and CxNy, the yield is extremely low (1.5%) 
and pore formation is also retarded. However, after boron 
addition, the yield is increased significantly to 18.3% with 
pore development. The BET surface area also increases 
significantly from 183 m2/g to 730 m2/g.  

TEM images of CN37 and CNB37 are shown in Figure 
2. The hollow spherical shape of CNB37 (Figure 2(b)) is 
very different from that of CN37 (Figure 2(a)). The sphere 
shell thickness is estimated to be approximately 7–8 nm. 
Two diffusive rings were obtained from the selected-area 
electron diffraction (SAED) pattern: (100)/(101) and  
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Figure 1 N2 adsorption (ad, filled circles) and 
desorption (de, unfilled circles) curves of CNs (a) 
and CNBs (b) at 77K. 

 

 
Figure 2 TEM images of (a) CN37 and (b),(c) CNB37. 
(d) High-resolution TEM image of CNB37. Inset in 
(c) shows SAED pattern at the shell area marked in 
(c) by the rectangular dashed line.  
 

(110)/(112) patterns with 0.21 nm and 0.12 nm d-spacing, 
respectively. (Figure 2(c)). This character is also supported 
by two broad peaks in the X-ray diffraction spectrum. 
Hollow CN or CNB structures have rarely been reported. 
This is because C–N bonds less stable than C–C or B–N 
bonds, and tend to decompose easily, resulting in the 
collapse of the structure during synthesis. 

The CNB hollow surface is stabilized not only by the 
direct interaction of boron with the surface layer but also by 
BCl3 that is formed from the reaction between TiB2 and Cl2. 
BCl3 is a strong Lewis acid, thus Lewis acid–base (nitrogen 
functional group) interaction induces a relatively lower 
exterior surface energy than that of the inner surface. As a 
result, the shell is formed and densification follows as the 
loosely-connected CNB shell gains part of the C–N 
moieties from the interior. Thus, we conclude that the 
presence of boron in CN stabilizes the C–N bonding and 
facilitates the formation of a robust CNB hollow structure. 

Each peak is deconvoluted into several functional 
groups as Npyr (398.2 eV), Nq (400.8 eV), and N–O 
(402.8 eV). 

To determine their chemical composition and bonding 
nature, CNs and CNBs were analyzed by X-ray 
photoelectron spectroscopy (XPS) and the result is shown 
in Figure 3. According to B1s spectra, C–B–N and B–N  

 
Figure 3 XPS N 1s spectra of (a) CN37 and (b) 
CNB37. 
 

 
Figure 4 (a) CO2 adsorption isotherms of CNs and 
CNBs measured at 298 K and (b) their CO2/N2 
selectivity versus N2 molar fraction. Evaluation at 1 
bar total pressure by the IAST method. 
 
bonding (190.9 eV) are the main sources of boron 

interaction. However, a small BC3 contribution also appears 
as a sub-peak (189 eV), and this peak increases as the 
nitrogen content in the precursors increases. Even though 
BC3 bonds are formed, they are unstable and break easily. 
However, once boron is bound to carbon, it stabilizes the 
reaction, and strengthens the C–N bonds. Given that its low 
boron content, the high nitrogen content of CNB37 proves 
that this nitrogen increment is not ascribed to that from B–
N bonding. It seems that the role of BC3 is more vigorous in 
strengthening the C–N bond under nitrogen-rich conditions. 

CO2 adsorption by the nitrogenous porous carbons were 
studied to evaluate their potential for carbon capture (Figure 
4(a)). Every CNB provides a better uptake than the 
corresponding CN regardless of surface area. A noticeable 
uptake of 3.7 mmol/g is achieved by CNB37. The CO2/N2 
selectivity increases significantly for CNB37 (Figure 4(b)). 
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An outstanding selectivity of 35.2 was observed at a CO2 
partial pressure of 0.1 bar and a total pressure of 1 bar. This 
selectivity is better than the best reported for a CN material. 

N2 molar fraction. Evaluation at 1 bar total pressure by 
the IAST method.  

This selective sorption by a non-ordered structure is 
usually explained by the presence of nitrogen atoms on the 
pore surface, which can increase the surface–adsorbate 
interaction [3]. The uniqueness of the hollow CNB37 in 
terms of its short pore features and hierarchical structure 
could be the reason for its enhanced ability to capture large 
quantities of CO2 and its improved selectivity. 
 

3 CONCLUSION 
 
In conclusion, nitrogen-containing porous carbons with 

a large surface area were prepared by the addition of boron 
during synthesis at high temperature. The addition of a 
small amount of boron facilitates the introduction of 
nitrogen into the carbon structure. The CNBs obtained from 
the chlorination process show a higher thermal stability and 
productivity (yield) than the corresponding CNs. Among 
the CNBs, CNB37 has a hollow spherical structure. The 
mechanism can be explained as the direct doping of boron 
at the surface of the precursor particles along with a loss of 
interior CN and the effect of BCl3 in a Lewis acid–base 
interaction. It is worth noting that a morphological 
modification of CN or CNB would be possible, depending 
on the shape control of the nitrogen-containing precursor 
without any post-treatment. Although CNB37 possesses the 
smallest area of the fabricated structures, it shows the 
highest CO2 uptake and CO2/N2 selectivity at ambient 
temperature. Its hollow morphology appears to enhance the 
sensitivity of the interaction. Additional work for further 
improvement and the development of various applications, 
based on a self-templating hollow CNB, are now in 
progress and will be discussed in our future publications. 

*This is a short summary of our previous paper 
published in J. of Mat. Chem. A, 2, (2014) 166645-51. 
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