Open Access Article. Published on 03 May 2017. Downloaded on 1/18/2026 12:14:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 24195

Zeolite cage-lock strategy for in situ synthesis of
highly nitrogen-doped porous carbon for selective

adsorption of carbon dioxide gast
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Nitrogen-doped porous carbon (NPC) was prepared by directly carbonizing zeolite ZSM-39 containing
a structure-directing agent, tetramethylammonium chloride (TMACI), which also acted as a source of C
and N for NPC. The cage-like pore of zeolite ZSM-39 acted as an ideal space for immobilizing the C and
N species. The obtained NPCs have a high N content up to 18.14%. The quaternary N of template TMACI
was transformed into pyridinic and pyrrolic/pyridonic N during the carbonization. NPCs were suitable for
selective adsorption of CO, because of their unique ultra-micropores and abundant basic sites. The
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adsorption selectivity of CO, over N, was more than 12.1 (molar ratio). The CO, adsorption capacity of

the unit surface area for a NPC-723 sample was calculated as 26.6 pmol m~2 at 0.93 bar and 273 K,
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1. Introduction

The emission of greenhouse gases (carbon dioxide, methane,
nitrous oxide, and ozone) causes problems with climate change
and has become a widespread concern in recent years." Carbon
dioxide (CO,) is one of the most persistent gases in anthropo-
genic gas emissions, which causes about 60% of global warm-
ing.> Moreover, it was applied as a resource in agricultural and
food production and chemical industries and played a key role
in sustainable economic development. Therefore, research on
recycle and utilization of CO, has become crucial in solving
problems with climate change, energy and environment issues.

Usually, the separation of CO, by an adsorption method is
the fundamental step for its recyclable processing. Numerous
porous materials such as zeolites,>® metal oxides,*” metal
organic frameworks®*® and porous carbon have been used for
this purpose. Among them, carbon-based materials have the
advantages of a high specific surface area, pore volume, chem-
ical inertness and easy regeneration. A few methods have been
developed to obtain carbonaceous materials, such as an
organic-organic co-assembly,” evaporation-induced self-
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which is one of the highest values among carbon adsorbents. Its excellent selectivity makes the NPC
a good candidate for separating low concentrations of CO, in the purification of gas mixtures.

assembly'” and nanocasting hard template method.* Typically,
the carbon source can be casted into mesostructured silica SBA-
15 and carbonized at a certain temperature. This method has
produced mesoporous N-free carbons with large pores, which
are not very suitable for adsorbing CO,. Alternatively, micro-
porous N-free carbon with a high surface area was prepared by
introducing and depositing a carbon precursor into zeolite Y at
high temperatures." To further enhance the adsorption
capacity of CO,, considerable efforts have also been made to
introduce basic groups on the surface of carbons.” Nitrogen-
doped porous carbons (NPCs) have been prepared via pyrol-
ysis'®"” or chemical vapor deposition'®** at 1023-1173 K, fol-
lowed by impregnating/grafting organic amines or direct heat
treatment of carbons with ammonia.*>** Porous doped carbons
were synthesized by introducing a carbon source into the
microporous template of zeolite 13X and Y, respectively.”” For
H,0 or H, adsorption, NPCs were prepared by depositing
different carbon sources in zeolite Y, EMC-2, 13X, or B.****
Moreover, additional C and N sources have to be provided for
these deposition processes. In addition, the pore windows of
zeolite templates mentioned above are too large to obtain the
duplicated carbons with critical pores and show adsorption
selectivity towards CO,. In addition, the post-introduction
technologies suffer from several drawbacks such as functional
group losing, being time consuming and having a high cost.
Therefore, a well-chosen template is highly desirable for in
situ, functionalized NPCs via an economic procedure without
any casting or deposition process. Zeolite ZSM-39 belongs to the
family of clathrasils, whose framework is built with packed
eight (5'%6") and eight (5') cages.? Its unique cage-like, pore
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structure can deeply trap the used organic template, which
cannot be completely removed by calcination.”® Importantly, its
pore window size is smaller than the dynamic diameter of N,
(0.36-0.38 nm), thus promoting exclusive adsorption of CO,
(0.33 nm). Therefore, ZSM-39 may be a good template candidate
for immobilizing N-containing groups and preparing NPC with
an ideal pore structure.

In this study, NPC materials were prepared with an in situ,
carbonizing zeolite ZSM-39 containing a microstructure-
directing agent, tetramethylammonium ions, followed by the
removal of silica. Herein, the organic template was simulta-
neously used as a source of C and N for final NPC materials. The
cages of zeolite ZSM-39 played an important role in immobi-
lizing elemental N for the fabrication of desired NPCs. The
obtained NPC showed a high N content up to 18.14%. The NPC-
723 sample showed the highest CO, uptake of 1.93 mmol g *
among the tested materials and good adsorption selectivity of
12.1 (molar ratio) for CO, over N,.

2. Experiment
2.1 Chemicals

Colloidal silica (SiO,, 6.05 mol L") was purchased from Qing-
dao Chemical Factory. Tetramethylammonium chloride
(TMACI, = 99%), sodium hydroxide (NaOH, = 96%), ammo-
nium fluoride (NH,F, = 96%), and hydrofluoric acid (HF, 40%
ag. solution) were purchased from China National Medicine
Group Shanghai Corporation. All of the chemicals were used
without further purification.

2.2 Synthesis of zeolite ZSM-39 template

Zeolite ZSM-39 was mainly prepared according to a reported
method.?* Simply, TMACI (12.86 g, 0.1162 mol) was used as
a structure-directing agent and was first dissolved in 107 mL
(5.9444 mol) of distilled water. Then, NH,F (11.20 g, 0.2903 mol)
was added with stirring at room temperature until a clear
solution was formed. After that, SiO, (24 mL, 0.1452 mol) was
added to the solution and further stirred for 1 h. Finally, the pH
of the solution was adjusted to 10-11 using a 40% NaOH
solution. The resultant mixture was stirred for another hour and
then introduced into a Teflon-lined stainless steel autoclave.
The sealed autoclave was heated at 473 K for 3 days. Subse-
quently, the solid sample was washed with distilled water and
dried at 373 K overnight.

2.3 Preparation of NPC materials

Herein, NPC samples were fabricated by in situ, carbonizing the
as-prepared zeolite ZSM-39. Briefly, zeolite ZSM-39 was directly
carbonized under argon gas at a flow rate of 20 mL min~" in
a tube furnace at 723, 873 and 1173 K. The heating rate was 5 K
min~' and the dwelling time was 2 h at the designated
temperature. The carbonized sample was immersed in a 20%
HF solution with stirring for 12 h to remove the Si components.
The black solid was washed at least 4 times with distilled water.
Subsequently, the carbonaceous sample was dried at 393 K. The

obtained samples were denoted as NPC-723, NPC-873, and NPC-
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1173, corresponding to their carbonization temperatures of 723,
873, and 1173 K, respectively.

2.4 Characterization

X-ray diffraction (XRD) patterns were collected using a D/Max-
3B Rigaku X-ray diffractometer equipped with Cu-Ka radiation
(A = 0.15406 nm). The applied voltage and current were 30 kv
and 40 maA, respectively. The samples were scanned from 5 to
45° at a scan rate of 8° min~'. Textural properties were deter-
mined by N, sorption at 77 K using a volumetric technique on
a JW-BK122W adsorption instrument. Before the measure-
ments, all samples were degassed at 573 K in a vacuum for 12 h.
The Brunauer-Emmett-Teller (BET) method was used to
calculate the specific surface area. Pore volumes and pore size
distributions were determined from the adsorption branches of
isotherms using the Barrett-Joyner-Halenda (BJH) model. The
Horvath-Kawazoe (HK) model was applied to evaluate the
micropore volume and micropore size distribution. Fourier
transform infrared (FT-IR) spectra of carbons were recorded on
a Nicolet 6700 FT-IR spectrometer at room temperature in the
range of 650-4000 cm ™' with potassium bromide as the window
material. Morphologies of samples were obtained from a scan-
ning electron microscope (SEM) HITACHI S-4800 instrument.
Thermogravimetric (TG) curves were collected on a Netzsch STA
449 F5 TG/DTG instrument. About 6 mg of sample was placed
onto an alumina crucible and heated at a ramp of 10 K min™"
from 30 to 950 °C in an airflow (100 mL min~") to analyze
thermal stability. X-ray photoelectron spectra were collected on
a Kratos Axis Ultra DLD spectrometer equipped with a mono-
chromatic Al Ko X-ray source. The C, H, and N element content
of NPCs were analyzed using a Vario EL III elemental analyzer.
Raman spectroscopic data were recorded using a Renishaw in
Via micro laser Raman spectrometer with Ar' laser (the wave-
length is 514.5 nm) at an output power of 4 mW and scan range
of 100-2000 cm™* and a 10 s exposure.

2.5 Gas adsorption measurements

CO, uptake capacities of samples were evaluated on a JW-
BK122W analyzer by collecting CO, isotherms from 0 to 0.93
bar at 253, 273 and 293 K. All the samples were first degassed at
573 K for 12 h. N, isotherms were also recorded in order to
evaluate adsorption selectivity of NPC samples from 0 to 0.93
bar at 293 K.

3. Results and discussion

The XRD pattern of the as-prepared silica zeolite ZSM-39
exhibited typical peaks, indicating good crystallinity (Fig. 1a).
The positions of the main diffraction peaks were identical with
those of ZSM-39 clathrate compounds as previously reported,>®
indicating that a pure phase of zeolite ZSM-39 was prepared.
The sample was directly carbonized in argon flow to convert the
included organic template into a carbonaceous material. After
the silica framework of carbonized ZSM-39 was etched by an HF
solution, the black NPC samples were obtained. By changing
the temperature from 723, 873, to 1173 K, samples NPC-723,

This journal is © The Royal Society of Chemistry 2017
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Fig.1 XRD patterns of samples: (a) as-made ZSM-39, (b) NPC-723, (c)
NPC-873, and (d) NPC-1173.

NPC-873, and NPC-1173 were respectively prepared. Their XRD
patterns exhibited broad peaks at 26 = ~26° indexed as the
planes of turbostratic carbon®” (Fig. 1b-d). The XRD patterns
were different from those of a pristine ZSM-39 template,
implying that NPC samples did not have the residuals of
a zeolitic structure. Although most of TMACI template can
undergo carbonization because of the spatial limitation
imposed by the cage-like lock, the remaining species may not be
enough to duplicate the desired zeolite structure during the
carbonization. Carbonaceous species of an organic template
could be immobilized under the assistance of zeolite ZSM-39
even at 1173 K. After a careful comparison, it was discovered
that the intensity and sharpness of this peak became stronger at
a higher temperature, implying a significant trend in the
graphitization of NPCs.

Raman spectra of NPC-723, NPC-873 and NPC-1173 samples
(Fig. 2) revealed a pair of broad bands at 1355 and 1590 cm ™.
Generally, the band at 1355 cm ™" is associated with the pres-
ence of disordered structure (D). Its intensity increased when
the number of defects increased.> The graphitization (G) band
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Fig. 2 Raman spectra of samples: (a) NPC-723, (b) NPC-873, and (c)
NPC-1173.
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at about 1590 cm ™" was closely related to the vibration in sp*
bonded C atoms in a 2-dimensional hexagonal lattice.** For
nanotube and pure graphitic carbon, the D band was absent,
and only the G band appeared.> The intensity ratio of the D to G
band (Ip/Ig) is generally used to illustrate the graphitization
degree of a carbon material. Herein, the NPC-723 sample dis-
played the highest I,/I ratio among the three samples (Fig. 2a),
which was attributed to the low carbonization temperature. The
Ip/I value of 0.95 for NPC-723 and a similar value of 0.94 for
NPC-873 (Fig. 2b) implied a similar degree of graphitization.
The lowest value of 0.88 was estimated for NPC-1173. Lower Ip/
I values have been associated with higher degrees of graphi-
tization.”® Accordingly, the NPC-1173 sample exhibited the
highest degree of graphitization among the three samples
(Fig. 2c). The trend in the degree of graphitization agreed with
those concluded from XRD patterns.

FT-IR spectra of all NPC materials were collected and
summarized in Fig. 3. The broad bands at 3436 cm™' were
assigned to -OH group stretching vibrations and indicated the
presence of structural water. The resolvable bands at 3220 and
3130 em ™" for samples NPC-723 and NPC-873 can be assigned
to N-H stretching vibrations (Fig. 3a and b).>® However, they are
difficult to identify for NPC-1173 after high temperature
carbonization (Fig. 3c). Three weak bands around 2965, 2923,
and 2860 cm ™" were assigned to the C-H stretching vibrations.
The band at 1640 cm™" was attributed to a C=N stretching
vibration,*® implying the possible N-heterocycle existing in the
NPCs. The band around 1524 cm™* was attributed to a bending
vibration of N-H, and the band located at 790 cm ™' represented
the out-of-plane N-H deformation vibration. In addition, the
band around 1524 cm™" for NPC-1173 was noticeably weaker
than the other two samples (Fig. 3c). The bands at 1450 and
1500-1600 cm ™" were attributed to C=C stretching vibrations,
implying the presence of aromatic rings related to the graphi-
tization. The weak and broad band at 1263 cm ™" corresponded
to the C-N stretching vibration. According to the observations
above, the FT-IR spectra confirmed the co-existence of N-H,
C=N and C-N species in the resultant NPC materials. Thus, it

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'1)

Fig. 3 FT-IR spectra of samples: (a) NPC-723, (b) NPC-873 and (c)
NPC-1173.
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Table 1 Elemental analysis results and textural properties of NPC samples®

Sample C N H Sper, M? g’1 Viicro, C° g’1 Vo, cm?® g’1
NPC-723 69.63% 18.14% 2.82% 53.3 0.019 0.168
NPC-873 76.68% 13.04% 1.55% 269.4 0.098 1.112
NPC-1173 95.37% 1.11% 1.01% 51.0 0.020 0.169

“ Note: Sger: specific surface area calculated according to BET method; Vyicro: pore volume derived from micropores; Vi: total pore volume.

was concluded that the in situ, zeolite cage-lock strategy could
immobilize not only the inert C element but also the active N
element for obtaining functionalized carbonaceous materials.
The presence of N, C, and H elements was further confirmed
and quantified by elemental analysis. According to the analysis
results, the N content of NPC-723 approached 18.14% and the C
content was about 69.63% (Table 1). The N/C molar ratio of the
NPC-723 sample was calculated as 1 : 4.48 and was very close to
that (1 : 4) of the organic template TMACI. The results further
demonstrated that the zeolite cage-lock strategy was successful
in immobilizing most of the N elements from the template into
final NPC samples. As the carbonization temperature increased,
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the C content of the NPC-1173 sample reached up to 95.37%,
while the N content dropped to 1.11%. The further enhanced
carbonization agrees well with the findings drawn from the XRD
pattern and Raman spectra. However, the clear drop in N
content made us aware that most of N species escaped from the
cages of zeolite ZSM-39 at high temperatures.

The textural properties of NPCs were analyzed using N,
adsorption at 77 K and are summarized in Table 1. NPC-723
sample mainly exhibited adsorption at low relative pressure P/
P, = 0.05 due to the capillary filling of micropores (Fig. 4a).
These results imply that a part of the micropores duplicated
from the ZSM-39 template was accessible to N, molecules. Its
BET surface area was calculated as only 53.3 m> g~ ". The main
reason for this low surface area was that the window sizes of
some cage-like pores were too small to adsorb an N, molecule.
To some extent, the small window size was critical and impor-
tant for selectively adsorbing CO, from the mixture of N, and
CO,. The pore volume derived from the adsorption branch of
isotherms was 0.168 cm® g~ for NPC-723. According to the pore
size distribution derived from the adsorption branches of
isotherms using the BJH model, the pore diameter of NPC-723
was centered at about 3.0 nm (Fig. 5Aa). The HK method was
used to calculate the micropore size distribution, and the pore
diameter was centered at 1.0 nm (Fig. 5Ba inset).

After being carbonized at 873 K, the obtained NPC-873
material exhibited a type IV isotherm with significant adsorp-
tion in P/P, = 0.05 and a broad hysteresis loop above P/P, = 0.45
(Fig. 4b), implying a hierarchical structure composed of micro-
and mesopores. The results indicated that the micropores
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BJH pore size distribution (A) and HK micropore size distribution (B) of samples: (a) NPC-723, (b) NPC-873 and (c) NPC-1173.
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template from zeolite ZSM-39 and the mesopores may be
derived from partially destroyed microstructures. The BET
surface area of the NPC-873 sample reached up to 269.4 m* g,
implying that a suitable temperature was critical to obtain the
carbon material with an ideal surface area. The total pore
volume was calculated as 1.112 cm® g~ * for NPC-873. Its pore
diameter was mainly centered at about 3.0 nm, as obtained
from the pore size distribution (Fig. 5Ab), which was similar to
that of NPC-723. However, the number of pores was consider-
ably larger than that of NPC-723, as seen from the changes in
pore volume (Table 1), indicating that high temperature
carbonization was beneficial to the exposure of mesopores.
Along with the micropore centered at 1.0 nm (Fig. 5Bb), new
micropore with the diameter centered at 0.72 nm was also
exhibited, implying that more micropores were exposed as
a result of the carbonization at 873 K. However, prominent
changes were observed for NPC-1173 (Fig. 4c), implying pore
evolutions of NPCs. Moreover, BET surface area decreased to
51.0m> g~ "

As depicted in Fig. S1,T it can be seen that the carbonization
temperature had a great influence on the morphology of the
obtained NPCs. The overall morphology of NPC-723 was a sin-
tered carbon with an irregular morphology (Fig. S1A and D).
The particle size was about 50 x 30 um. NPC-873 exhibited
a fluffy, cotton-like morphology (Fig. S1B and Ef), implying its
highly developed pore structure. The particle size of NPC-873
was about 25 x 20 um, which was slightly smaller than that
of NPC-723. In addition, NPC-1173 was a uniform carbon sphere
of about 1.5 um in diameter (Fig. S1C and Ff), which was
evidently different from the NPC-723 and NPC-873. The
changed morphology and particle size imply that the zeolite
ZSM-39 melted into small spheres at a carbonization tempera-
ture of 1173 K. After the removal of SiO,, carbon spheres were
completely exposed, which may have resulted in the low specific
surface area of NPC-1173, consistent with the results from N,
isotherms. Therefore, a moderate carbonization temperature
was necessary for obtaining materials with the desired surface
area.

The sample NPC-873 was selected to evaluate thermal
stability by recording its TG curves in air. Only a slight weight
loss of 0.52% was observed below 100 °C (Fig. S2t), coinciding
with the removal of physically adsorbed water. A weight loss
about 0.32% was further observed in the range from 100 to
150 °C, which can be ascribed to trace dehydration. The
decomposition of an N-containing group basically occurred in
the range of 150-365 °C, which yielded an evident weight loss of
5.62%. Main weight loss of more than 90% ascribed to the
ignition of carbon species was recorded above 365 °C. According
to the DTG curve, the onset of the ignition temperature was
around 465 °C. The samples NPC-723 and NPC-1173 showed the
onset temperature at 385 °C and 615 °C (not shown here),
respectively. Combining this data with the above XRD and
Raman results, it was reasonable to conclude that the onset of
the ignition temperature depended on the degree of graphiti-
zation based on the carbonization treatment. In addition, all of
the results confirmed the presence of N atoms that were
determined from FT-IR and elemental analysis.
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In several cases, gas mixtures are mainly composed of acidic
and inert gases. The N-containing functional groups are Lewis-
base sites and are active for binding acidic molecules such as
SO,, H,S, CO and CO,. Herein, the adsorption selectivity of CO,,
and N, was selected as a reference and evaluated by comparing
their uptake capacity at 293 K and 0.93 bar. The NPC-723 sample
showed a CO, uptake capacity of 1.09 mmol g * (Fig. 6A). On the
other hand, its N, uptake capacity was only 0.09 mmol g~ ".
Accordingly, the adsorption selectivity of CO, over N, was esti-
mated to be about 12.1. Since the kinetic diameter of CO, (0.33
nm) is smaller than that of N, (0.364 nm), the unique micro-
pores in NPCs were accessible to CO, but not N, and mainly
contributed to the excellent selectivity. This property makes
NPC-723 a good candidate for separating low concentrations of
CO, in the purification of gas mixtures.

The CO, uptake capacities of NPC samples at different
temperatures were systematically investigated. At pressures up
to 0.93 bar, the CO, adsorption isotherms of NPC samples were
collected at 253, 273, and 293 K, respectively. As shown in
Fig. 6B, all NPC samples showed the highest CO, uptake at a low
temperature of 253 K because the kinetic energy of CO, mole-
cules was small at this temperature. The NPC-723 sample
showed the largest CO, uptake of 1.93, 1.42, and 1.09 mmol g~ *
at 253, 273 and 293 K at 0.93 bar, respectively (Fig. 6Ba, Ca and
Da). It exhibited an obvious uptake at a pressure of P < 0.05 bar,
implying that the micropores were capable of good adsorption.
However, the uptake capacity of NPC-723 gradually decreased
with elevating temperatures from 253 K to 293 K, implying the
physical sorption of CO,.

Compared with samples NPC-873 and NPC-1173, the NPC-
723 material exhibited the highest CO, uptake at the three
different temperatures in spite of its low BET surface area (Sggr
= 53.3 m* g ). This result may be due to its high N content of
18.14%. Although NPC-873, with an N content of 13.04%, had
the highest BET surface area of 269.4 m” g~ ', which was 5 times
higher than that for NPC-723, it only showed a moderate CO,
uptake of 1.38, 0.91, and 0.85 mmol g’1 under the same
conditions (Fig. 6Bb, Cb and Db). The results implied that the N
element in samples played a more important role than the
surface area. The NPC-1173 sample had a BET surface area
similar to NPC-723 (Table 1), but it had the poorest CO, uptake
capacity of 0.85, 0.84, and 0.46 mmol g ' under the given
conditions (Fig. 6Bc, Cc and Dc), which is understood because
of its minimum N content. Overall, higher N contents of NPC
materials result in higher CO, adsorption capacities. For
example, the CO, adsorption capacity ratio at 253 K of sample
NPC-723 to NPC-873 was about 1.398, which is close to their N
content ratio of 1.391. These results indicate that the N-
containing functional groups play a dominate role on the
adsorption capacity of materials.

To explain the evolution of adsorption capacity, the nature of
functional groups on the surface of the NPC materials was
further studied using X-ray photoelectron spectroscopy (XPS).
From the XPS survey spectra, all of the samples showed N1s and
C1s peaks (Fig. 7a-d). It can be seen that the N contents of NPCs
decreased with an increase in the carbonization temperature
(Fig. 7b-d), which is coincident with the above elemental

RSC Adv., 2017, 7, 24195-24203 | 24199
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Fig. 7 XPS survey spectra of samples: (a) as-made zeolite ZSM-39, (b)
NPC-723, (c) NPC-873, and (d) NPC-1173.

analysis results listed in Table 1. Particularly, no significant N1s
peak was observed for NPC-1173 due to its high carbonization
temperature (Fig. 7d). In the Ni1s spectra of all samples
(Fig. S31), the as-prepared zeolite ZSM-39 showed a strong peak
at 401.1 eV, corresponding to the quaternary N of the organic
template TMACI (Fig. S3at).** After carbonization at 723 K, two
new peaks at 397.9 and 400.4 eV were observed for the NPC-723
sample along with the decaying peak at 401.1 eV (Fig. S3b¥). The

24200 | RSC Adv., 2017, 7, 24195-24203

former can be indexed to a pyridinic-type and pyrrolic/pyridonic
N, respectively.* These results indicate the decomposition of
the trapped template, TMACI], and the formation of new
nitrogen species. The existence of quaternary, pyridinic, and
pyrrolic/pyridonic N may alter the electron distribution and
surface polarity of the carbon surface. The NPC-873 clearly
exhibited two intense peaks at 397.9 and 400.4 eV (Fig. S3ct),
corresponding to pyridinic-type and pyrrolic/pyridonic N,
respectively. Essentially, the shoulder peak at 400.9 eV, corre-
sponding to the quaternary N, was observed in NPC-873, which
originated from the organic template, TMACI. The pyrolysis at
1173 K resulted in the disappearance of peaks indexed to
pyridinic-type and pyrrolic/pyridonic N.** NPC-1173 only dis-
played a weak peak of quaternary N (Fig. S3df), which is the
most stable nitrogen group in NPC materials. The results mean
that the occurrence of the de-nitrogenation agreed with the
decreasing CO, adsorption capacity.

According to the results mentioned above, a material with
high surface area does not always show a proportionally high
CO, uptake capacity just as initially expected. Textual properties
including internal surface area, pore structure, and functional
groups may have different contributions on various adsorbates.
Herein, the CO, adsorption capacity per unit surface area was
proposed to be evaluated by calculating the CO, uptake capacity
of the unit surface area defined by the BET surface area. As
shown in Fig. 8, the CO, uptake capacity per unit surface area
was calculated as 26.6 pmol m™? for NPC-723 at 0.93 bar and

This journal is © The Royal Society of Chemistry 2017
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NPC-723 sample in this study and several recently reported porous
carbon adsorbents. The CO, adsorption capacities were collected at
0.93 bar and 273 K.

273 K, which is the best value among various recently reported
CO, adsorbents. Most of the NPCs prepared using different
procedures displayed poor to moderate CO, uptake capacity per
unit surface area of 2-10.3 pumol m 2, which were evidently
lower than that of NPC-723 in this study. For example, NPCs
prepared from a high surface area, microporous imine-linked
polymer by direct pyrolysis showed a CO, uptake capacity per
unit surface area of 10.3 umol m™~? (Fig. 8).*' The N-containing
carbon framework carbonized from self-assembly of poly(-
benzoxazine-co-resol) showed a CO, uptake capacity per unit
surface area of 7.3 umol m ™~ (Fig. 8).%% Porous carbon prepared
by chemical activation of hydrothermally carbonized poly-
saccharides only showed a CO, uptake capacity per unit surface
area of 4.7 pmol m > (Fig. 8)** In addition, N-doped
polypyrrole-based carbons showed a CO, uptake capacity per
unit surface area of 3.6 umol m™>.** NPC templated from zeolite
EMC-2 showed a poor CO, uptake capacity per unit surface area
of 2.0 umol m >3 Even highly porous N-doped polyimine-
based carbons showed only a value of 3.4 pmol m™2.¢ All the
results implied that the surface area of the NPC-723 sample was
fairly effective in capturing CO, even though the CO, uptake
capacity was still lower than the carbon-based materials re-
ported by other researchers.

Based on the above results, we concluded that the zeolite-
cage-lock strategy for the formation of NPC mainly underwent
the following steps: preparation of the zeolite, carbonization,
and silica removal (Fig. 9). The zeolite ZSM-39 was hydrother-
mally synthesized with an initial mixture containing colloidal

.

As-made Carbonized N-doped Selective gas
ZSM-39 ZSM-39 porous carbon adsorption
@ Zeolite cage Q, N (, c O o e H

Fig. 9 Proposed formation mechanism and selective gas adsorption
of N-doped porous carbon using a zeolite cage-lock strategy.
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SiO,, TMACI, H,0, NH,F and NaOH. TMACI acted as a struc-
ture-directing agent for the formation of zeolite and was
simultaneously encapsulated into the zeolite cages.*” Subse-
quently, the as-made zeolite ZSM-39 was directly carbonized in
an argon flow at high temperature. Both C and N species were
successfully locked in the zeolitic cage because of the limitation
of its small pore windows. Moreover, both elemental analysis
and FT-IR results confirmed the existence of N-containing
species. In addition, some graphitization process occurred
during the carbonization, implying the production of new
bonds between C species. After the removal of silica, micropores
of NPC, with a critical size between the dynamic diameter of
CO, and N,, were fabricated using the zeolite cage-lock strategy.
Basic site derived from the N species was located in the ultra-
micropores of NPC. NPC displayed good selective adsorption
and a high CO, adsorption capacity. Compared to the conven-
tional chemical vapor deposition carried out in a zeolite, our
approach to prepare NPC in one-step from an organic template
trapped in the cage of a selected zeolite was more economical
and simple for mass production. The strategy can be extended
to synthesize sulfur-containing porous carbon and other
materials.

4. Conclusions

In this study, NPC materials were prepared by in situ carbon-
ization of the organic template TMACI trapped in the cages of
zeolite ZSM-39. The materials showed variable N contents
(~1.11% to 18.14%) with different carbonization temperatures.
The quaternary N from template TMACI was gradually trans-
formed into pyridinic and pyrrolic/pyridonic N during the
carbonization process. The NPC-723 sample with a high N
content showed the highest CO, uptake values of 1.09, 1.42 and
1.93 mmol g~ " at 293, 273 and 253 K at 0.93 bar among the
tested materials, respectively. The calculated CO, adsorption
capacity per unit surface area for NPC-723 was 26.6 jmol m ™2 at
0.93 bar and 273 K, which is the highest value among the re-
ported carbon adsorbents. The adsorption selectivity of CO,
over N, was more than 12.1 (molar ratio). Its excellent selectivity
makes the NPC material a good candidate for the separation of
low concentration CO, in the purification of gases.
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