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Abstract The objective of this research was to develop
a new CO, sorbent, three-dimensional nitrogen-doped
mesoporous carbon (KIT-6-CN). KIT-6-CN was synthe-
sized by nano-replication using carbon tetrachloride and
ethylenediamine as precursors, and KIT-6 with cubic la3d
symmetry as a hard template. The new CO, sorbent has a
relatively high BET surface area of 587 m?/g, a high pore
volume of 0.91 cm®/g, and the mesostructures with pore
diameters centered at 1.7 and 6.3 nm. The transmission elec-
tron microscopy of the KIT-6-CN shows that after removal of
silica by NaOH, KIT-6-CN possesses three-dimensional
mesoporous structure. CO, adsorption—desorption isotherms
indicate that this nitrogen-doped material has relatively
high CO, capture capacities of 2.11 mmol/g at 25 °C and
3.09 mmol/g at 0 °C, which are superior to those of the
pure carbon material (KIT-6-C) with analogous mesostruc-
tures. Cyclic CO, sorption—desorption tests demonstrated
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the stability of the sorbent. Thus, the new sorbent can
potentially be a good candidate for CO, capture.

Introduction

In the recent decades, carbon dioxide is gradually recog-
nized as the most important anthropogenic greenhouse gas
(GHG) leading to global warming [1-8], so the removal of
CO, from industrial flue gas has become an important issue
[2, 9]. Carbon materials were considered as potential can-
didates for CO, capture because the weak interaction
between CO, and carbon requires lower-energy require-
ments with respect to other sorbents, such as zeolites.

In recent years, research people paid much attention to
the ordered mesoporous carbon materials [10-14], because
of their advantages of separation, adsorption, catalysis of
large molecules, and energy storage. There are many ways
to synthesize ordered mesoporous carbon materials [13—17].
For example, the soft-template method as a facile route has
been applied to fabricate mesoporous carbon very recently.
In another way, Vinu et al. [18] successfully reported the
preparation of mesoporous carbon nitride (C53N4) with an
uniform pore-size distribution using SBA-15 as a template.
In another study, Deng et al. synthesized mesoporous carbon
nitride using SBA-15 as hard template for CO, capture [19].
It is popular and viable to synthesize porous carbons
adopting the ordered mesoporous silicas as the hard tem-
plates, since the pore structure and the textural parameters of
mesoporous silica materials can be easily controlled by
many methods. It is well known that three-dimensional (3D)
pore channels are more advantageous for mass diffusion
than 2D pores. Unfortunately, the synthesis of 3D nitrogen-
doped mesoporous carbon has rarely been reported.
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In this work, 3D-ordered nitrogen-doped mesoporous
carbon was synthesized using 3D mesoporous silica KIT-6
as the hard template and ethylenediamine (EDA) as the
nitrogen source. Compared with undoped mesoporous
carbon, the nitrogen-doped mesoporous carbon shows
better CO, adsorption performance.

Experimental
Chemicals

All chemicals were used as received from the chemical
vendors without further purification. Triblock copolymer
poly (ethylene oxide)-b-poly (propylene oxide)-b-poly
(ethylene oxide) (Pluronic P123, EO,y-PO7y-EO,y,
Mw = 5800 g/mol) and EDA were purchased from Sigma-
Aldrich. Butanol, carbon tetrachloride (CTC), tetraethyl
orthosilicate (TEOS) and sucrose were obtained from
Quzhou Reagent. Pure N, and 10 % CO,/N, gases were
obtained from Jinhua Gas. Distilled water was used in all
experiments.

Synthesis
Preparation of the KIT-6 silica template

Mesoporous silica KIT-6 was synthesized following the
procedures available in the literature by Ryong Ryoo [20].
In a typical synthesis batch, a homogeneous solution was
obtained by dissolving 6.0 g of P123 in 217 g of distilled
water and 11.8 g of concentrated HCI solution (35 wt%).
To this solution, 6 g of butanol was added under stirring at
35 °C for an hour, followed by slow addition of 12.9 g of
TEOS. The mixture was kept under magnetic stirring for
24 h at 35 °C, and subsequently heated to 100 °C for 24 h
under static conditions in a teflon-lined autoclave. The
solid product was filtered and washed to neutral with
extensive deionized water, and then the sample was dried
at room temperature overnight. The final material was
obtained by calcinations at 550 °C (heating rate 5 °C/min)
for 5 h to remove the P123 template in air.

Synthesis of nitrogen-doped mesoporous carbon material

The nitrogen-doped mesoporous carbon material was syn-
thesized according to the route reported by Li [21] and
Deng [19]. The difference is that 3D-ordered mesoporous
silica KIT-6 rather was used as a hard template in this study
with the aim to synthesize mesoporous carbon with 3D
structure. In the typical procedure, 0.5 g of the silica KIT-6
template was added to a mixed solution containing 1.1 mL
EDA and 1.3 g of CTC at room temperature. Then, the
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above solution was heated at 90 °C for 6 h with stirring
under reflux to induce polymerization of the precursor. The
resulting dark-brown mixture was pre-pyrolyzed at 400 °C
for 2 h in a helium atmosphere. The pyrolyzed sample was
refilled with 0.75 mL EDA and 0.8 mL of CTC at 90 °C.
After pyrolysis at 600 °C for 5 h in helium, the final
mesoporous carbon product was obtained by using 2 mol/L
NaOH aqueous solution to remove the silica template from
the carbon-silica composite.

Synthesis of mesoporous carbon materials

For comparison, the mesoporous carbon materials were
synthesized mainly according to the procedures available
in the literature [10]. 1.25 g sucrose as the carbon source
was dissolved in mixture solution containing 5 mL distilled
water and 80 uL H,SO,, and then 1 g KIT-6 was added
into the formed solution. The mixed solution was heated to
100 °C for 6 h in drying oven, after which period, the
temperature was raised 160 °C for 6 h. The impregnation
and drying procedures were repeated twice using 66 %
sucrose. After carbonization, the sample was heated to
900 °C for 7 h under helium flow. The final mesoporous
carbon product was obtained using 2 mol/L. of NaOH
aqueous solution to remove the silica template.

Characterizations of KIT-6, KIT-6-NC, and KIT-6-C

The X-ray diffraction patterns was recorded on a Philips
PW3040/60 automatic powder diffractometer using CuKo
radiation (A = 0.1542 nm) at 40 kV and 40 mA. The scans
were recorded in the 20 values between 0° and 5° with a
step width of 0.014°.

The transmission electron microscopy (TEM) images
were recorded on a JEOL-2100F TEM working at 200 kV.
The samples were diluted in ethanol and sonicated for
10 min. The ethanol slurry was then dripped onto a Cu grid
covered with a thin film of carbon.

Surface areas of the carbon materials were calculated
using the multipoint Brunauer-Emmett-Teller (BET)
equation from nitrogen adsorption—desorption isotherms
measured at liquid nitrogen temperature (Quantachrome
Autosorb-1). The pore-size distribution curves were
obtained from the desorption branches using the non-local
density functional theory (NLDFT) method, and the total
pore volume values were estimated from the adsorbed
amount at a relative pressure P/P, of 0.99.

X-ray photoelectron spectra (XPS) were recorded on an
ESCALAB 250Xi spectrometer with an Al anode Ka
radiation (1486.6 eV). Carbonaceous C1 s line (284.6 eV)
was used as a reference to calibrate the binding energies.

The CO, adsorption—desorption isotherms were mea-
sured using the Quantachrome Autosorb-1 equipment at
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0 and 25 °C. Prior to each adsorption experiment, the
sample was degassed for 5 h at 200 °C to remove the guest
molecules from the pores.

Results and discussion
Structural characterization

Figure 1 shows the XRD patterns of KIT-6, mesoporous
carbon (KIT-6-C), and nitrogen-doped mesoporous carbon
(KIT-6-CN) in the small angle region. It can be seen that
the template has three obvious diffraction peaks, indicating
that KIT-6 exhibits ordered mesoporous structure. The
intensity of diffraction peaks for KIT-6-C and KIT-6-CN
became weaker. For KIT-6-CN, the diffraction peaks
shifted to slightly higher 20 values, indicating that KIT-6-
CN has smaller pore sizes than KIT-6. In comparison, KIT-
6-C synthesized using sucrose as carbon source has larger
pore sizes than those of KIT-6.

The nitrogen adsorption—desorption isotherms of the
KIT-6, KIT-6-C, and KIT-6-CN, are given in Fig. 2. It is
clear that the isotherms of the silica KIT-6 show typical
type IV curves with a steep H; hysteresis loop within the
relative pressure (P/Py) range of ca. 0.63-0.82. Its BET
specific surface area and pore volume are as large with
values of 566 m*/g and 0.77 cm>/g, respectively. These
results are consistent with those reported by Ryoo et al.
[20, 22], indicating that the mesoporous silica template was
successfully synthesized. From the nitrogen isotherms of
KIT-6-C and KIT-6-CN shown in Fig. 2, it can be deduced
that the two isotherms also exhibit type IV curves and H1

&£
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=
KIT-6-CN
KIT-6-C
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1 2 3 4 5
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Fig. 1 XRD patterns of KIT-6, KIT-6-C, and KIT-6-CN

hysteresis. KIT-6-CN shows a different hysteresis loop
compared to those of KIT-6 and KIT-6-C, which may be
due to two possible reasons. First, the processors for KIT-
6-C and KIT-6-CN are different. For KIT-6-C, sucrose was
used as processor, while EDA were used as processors for
KIT-6-CN. Sucrose and EDA may show different proper-
ties during the carbonization process. Second, the prepa-
ration methods for KIT-6-C and KIT-6-CN are different.
For KIT-6-C, the sucrose solution and KIT-6 template were
treated in oven at 100 °C for 6 h. While EDA and KIT-6
were heated at 90 °C for 6 h with stirring under reflux to
induce polymerization of the precursor. These two reasons
may lead to different pore structures. The surface area and
total pore volume of KIT-C are 740 m?/g and 0.88 cm?/g,
and the corresponding values for KIT-6-CN are 587 m*/g
and 0.91 cm/g, respectively. The pore-size distribution is
deduced using NLDFT method from adsorption isotherms,
which allows for an accurate pore-size analysis over the
complete range of micro- and mesopores. As shown in
Fig. 2b, both KIT-6-C and KIT-6-CN possess pore-sizes of
both microporous and mesoporous ranges. The micropores
may result from the removal of the silica walls [21], and
the mesopores may be due to the corresponding ordered
structure of KIT-6. The micropores of both samples are
centered around 1.7 nm, while their mesoporous sizes are
8.7 and 6.3 nm, respectively.

The structure and morphology of KIT-6-C and KIT-6-
CN are also characterized by TEM. As shown in Fig. 3,
both samples exhibit well-ordered mesopores with 3D
porous network, although intensities of XRD diffraction
peaks of carbon materials are weaker than that of the KIT-6
template as shown in Fig. 1. Thus, it can be concluded that
both the nitrogen-doped and undoped mesoporous carbons
with 3D porous network have been successfully synthe-
sized using the hard template route.

Table 1 also gives the results of elemental analysis of
KIT-6-CN. The contents of carbon, nitrogen, hydrogen,
and silicon of KIT-6-CN are 76.5, 15.9, 4.2, and 1.6 wt%,
respectively, which indicate that nitrogen has been effec-
tively introduced into the mesoporous carbon. It should be
noted that in previous studies, Vinu [18] and Li [21] et al.
claimed that carbon nitrides (C3N,4) were synthesized using
EDA and CTC as carbon and nitrogen sources. However,
our results indicate that the carbon content of the obtained
product is much higher than that of C3;N,, while the
nitrogen content is much lower than that of C3;N4. Fur-
thermore, the synthesized materials are black in color,
while it is known that C3Ny is yellow in color. Hence, the
synthesized materials should be named as nitrogen-doped
mesoporous carbon (KIT-6-CN) rather than C3N,4 [23].

To investigate the chemical state of the doped nitrogen
atoms, the KIT-6-C and KIT-6-CN samples were charac-
terized by X-ray photoelectron spectroscopy (XPS). For
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Fig. 2 a N, isotherms and b pore-size distributions of KIT-6, KIT-6-C, and KIT-6-CN

Fig. 3 TEM images of a KIT-6-C and b KIT-6-CN

Table 1 Textural properties of the prepared KIT-6, KIT-6-CN, and
KIT-6-C

Sample Surface  Pore Average Elemental analysis®
area® volume®  pore-size® C (%) N (%) H (%)
(m*g)  (cm¥g)  (nm) Si (%)

KIT-6 566 0.77 7.3

KIT-6-C 740 0.88 1.7, 8.7 90.5,0,5.3,2.0

KIT-6-CN 587 091 1.7, 6.3 76.5, 159, 4.2, 1.6

* The surface area was calculated using the BET method, p/py =
0.05-0.3

® Total pore volume, p/py = 0.99

¢ Determined from desorption branch according to non-local density
functional theory (NLDFT) method

4 Determined by elemental analyzer for C, N, and H, and determined
by TGA for Si

KIT-6-C, no nitrogen signal was observed (the spectrum is
not shown here), since the carbon precursor sucrose does not
contain nitrogen content. For KIT-6-CN, C, N, and O signals
were observed as shown in Fig. 4a. The O signal may be from
the trace SiO, and the contaminant on sample surface. Fig-
ure 4b shows the XPS spectrum in N1 s region which can be
deconvoluted into three peaks centered at 398.1, 399.8, and
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400.4 eV. These three peaks are corresponding to different
types of nitrogen species, i.e., pyridinic-type nitrogen, pyr-
rolic-type nitrogen, and quaternary nitrogen, respectively.
The strong peaks at 398.1 and 399.8 eV indicate that most
nitrogen atoms are pyridinic-type nitrogen and pyrrolic-type
nitrogen species. It has been reported that pyrrolic-type
nitrogen species favor the CO, capture performance of car-
bon [9, 24]. Therefore, KIT-6-CN is expected to possess
better CO, capture performance than the KIT-6-C.

The FTIR spectra of KIT-6-C and KIT-6-CN are shown
in Fig. 5. For KIT-6-C, the band at 1560 cm™ ! is related to
C—C stretching of aromatic ring structures, and the band at
3430 cm ™' is attributed to O-H stretching vibration of
absorbed water molecules. For KIT-6-CN, a strong band at
1618 cm ™! can be ascribed to N=H deformation vibration,
suggesting that the KIT-6-CN is mainly composed of
pyridinic-type and pyrrolic-type nitrogen species.

CO, adsorption test

The CO, capture performances of the obtained carbon
materials were also tested. The CO, adsorption—desorption
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Fig. 5 FTIR spectra of the KIT-6-C and KIT-6-CN

isotherms of KIT-6-C and the KIT-6-CN at 25 and 0 °C are
shown in Fig. 6. Apparently, the CO, uptake of KIT-6-CN
is higher than that of KIT-6-C almost in all pressure ranges
at 25 °C. It can reach 2.11 mmol/g at ~ 120 kPa, while
KIT-6-C can only adsorb 1.62 mmol/g CO, at the same
pressure. When the temperature was decreased to 0 °C, the
CO, capture performances of both samples were greatly
improved. For example, the CO, uptake of the KIT-6-CN
at 0 °C can reach 3.09 mmol/g which is 1.46 times of that
at 25 °C. This indicates that the adsorption of CO, on
carbon is mainly attributed to physical adsorption, and that
lower temperature can improve the CO, capture perfor-
mance. As is known to all, the interaction forces between
carbon dioxide and sorbent surface are the weak van der
Waals forces during the physisorption. When the temper-
ature becomes higher, the thermal motion of the CO,
molecules is accelerated; therefore, it is detrimental to the
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Fig. 6 CO, absorption—desorption isotherms of KIT-6-C and

KIT-6-CN at 25 and 0 °C

adsorption. While it is also well known that gas uptake by
physisorption is related to the porous texture of sorbents, as
shown in Table 2, however, KIT-6-CN shows a similar
porous texture as that of KIT-6-C. Then the superior CO,
capture capacities of KIT-6-CN may be due to the nitro-
gen-doped species, the existence of which has been proven
by XPS and FTIR analyses (Figs. 4, 5). It has been known
that the nitrogen-doped atoms can change the chemical
state of carbon materials and then improve the CO, capture
performance of carbon materials [9].

Recently, Xu et al. reported some nitrogen-doped porous
carbons synthesized using metal-organic frameworks
(MOFs) [25, 26] as precursors. These carbons with high
surface areas show ultrahigh CO, capture capacities which
can reach 5.7 mmol/g at 277 K, which can be attributed to
the dominant presence of micropores. For KIT-6-C and
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Table 2 CO, capture capacities

Sample CO, uptake
of é(éTo-g-CN and KIT-6-C at 25 (mmol/g)
an —
25 °C 0°C
KIT-6-C  1.62 2.29
KIT-6-CN 2.11 3.09
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Fig. 7 Cyclic CO, absorption performances of KIT-6-C and
KIT-6-CN at 0 °C

KIT-6-CN, the mesopores are dominant as shown in Fig. 2.
This explains why they show lower CO, capture capacities.

The reversible nature of CO, capture performance on
KIT-6-C and KIT-6-CN at 0 °C was also tested for five
cycles. As shown in Fig. 7, the adsorption capacities for the
five cycles did not show noticeable changes, indicating that
both KIT-6-C and KIT-6-CN have good recyclability.
Sethia et al. [27] also demonstrated that nitrogen-doped
carbons show remarkable stability for CO, capture. This
agrees well with our results. The good recyclability will
improve the feasibility of these carbon materials for
applications in CO, capture.

Conclusions

In summary, mesoporous nitrogen-doped carbon material
(KIT-6-CN) has been successfully synthesized using la3d
silica KIT-6 as a hard template, and CTC and EDA as
precursors via a pyrolyzing process. KIT-6-CN has a rel-
atively high BET surface area of 587 m%g and a pore
volume of 0.91 cm?/g. The CO, adsorption—desorption
isotherms show that the adsorption capacities of KIT-6-CN
at 25 and 0 °C are 2.11 and 3.09 mmol/g, respectively,
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which are superior to those of the pure carbon materials
with analogous mesostructures. This can be attributed to
the doped alkaline nitrogen group into the carbon
framework.
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