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ABSTRACT: A series of nitrogen-doped microporous carbons (NCs) was successfully
prepared by direct pyrolysis of high-surface-area microporous imine-linked polymer
(ILP, 744 m®/g) which was formed using commercial starting materials based on the
Schift base condensation under catalyst-free conditions. These NCs have moderate
specific surface areas of up to 366 m*/g, pore volumes of 0.43 cm®/g, narrow micropore
size distributions, and a high density of nitrogen functional groups (5.58—8.74%). The
resulting NCs are highly suitable for CO, capture adsorbents because of their
microporous textural properties and large amount of Lewis basic sites. At 1 bar, NC-
800 prepared by the pyrolysis of ILP at 800 °C showed the highest CO, uptakes of 1.95
and 2.65 mmol/g at 25 and 0 °C, respectively. The calculated adsorption capacity for
CO, per m* (umol of CO,/m?) of NC-800 is 7.41 umol of CO,/m? at 1 bar and 25 °C, 0-
the highest ever reported for porous carbon adsorbents. The isosteric heats of CO,
adsorption (Q) for these NCs are as high as 49 kJ/mol at low CO, surface coverage,
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and still ~25 kJ/mol even at high CO, uptake (2.0 mmol/g), respectively. Furthermore, these NCs also exhibit high stability,
excellent adsorption selectivity for CO, over N,, and easy regeneration and reuse without any evident loss of CO, adsorption

capacity.
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B INTRODUCTION

CO, mainly resulting from the combustion of fossil fuels is a
major greenhouse gas causing significant global climate
warming. It is proposed that fossil fuels will still play a
dominant role in global energy supply in the next decades,
although the renewable energy production is increasing.
Accordingly, the global CO, emission will further increase
40% by 2030 compared to year 2010." As the strongest
contributor, the fossil-fuel-fired power plants result in about
44% of CO, emission.” The flue gas from these plants is
comprised of 70% N, and 15% CO,, as well as O,, water vapor,
and minor impurities. To fight against global climate warming,
it is important to reduce anthropogenic CO, emission from
these fixed-point emission sources. Thus, there is growing
interest in developing new materials and technologies with high
uptakes and selectivity for efficient adsorption and separation of
a large amount of CO, from these giant emission sources. In
present industry, the chemical absorption—regeneration pro-
cesses using aqueous amine—ammonia solutions are employed
for large scale CO, separation.® They are efficient processes for
CO, adsorption, but they have severe corrosion problems and
also are highly energy-consuming because of the energy penalty
necessary for regenerating aqueous amine-based solutions.
Therefore, it is highly desirable to develop novel environ-
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mentally friendly materials with high adsorption capacities,
CO,/N, selectivity, and good regeneration ability for CO,
capture and separation.

Alternatively, adsorption by porous solid sorbents and CO,
molecules is considered to be one of the promising, sustainable
technologies for capturing CO, from the flue gases. Various
porous materials such as porous carbons, ™ zeolites,®’ porous
silica,®? porous CaQ,'%!! metal—organic frameworks
(MOFs),'>"* porous organic polymers,'*'* etc.,'®'” have
been investigated as the sorbents for CO, adsorption and
separation. Generally, these porous materials have well-defined
pore structures and high specific surface areas, and thus are able
to capture a large amount of CO, molecules. Furthermore,
most of these materials can be modified by implementing basic
sites adsorbing more acidic CO, molecules. Among these
porous adsorbents widely studied in the field of CO, uptake,
porous carbon materials have attracted much attention because
they have many desirable advantages of variable morphologies,
low cost, adjustable porosity, lightweight, easy processability,
fast adsorption kinetics, high chemical and thermal stability, and
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controllable heteroatom doping.'® Besides the field of CO,
capture,>'® porous carbons also have great potentials in various
applications such as the electrode materials in various
electrochemical devices,'*™ bioimaging,22 catalysis,23_28 H,/
methane sto1‘age,20’29_33 etc. >3

However, the adsorption interaction between CO, molecules
and porous carbons depends highly on pore diameter and can
be very low, resulting in poor CO, uptakes for conventional
porous carbons.®® Therefore, many efforts have been focused
on enhancing the adsorption interaction and selectivity of CO,
capture by increasing internal surface areas of porous carbons
or introducing functional basic groups on the material surface.
For example, chemical activation has been employed to develop
the interconnected pore networks in carbon matrix. Using
KOH as the activation reagent, the resulting activated porous
carbons could possess very high specific surface areas'” and
thus good CO, adsorption capacities.**”** The impregnation
or grafting of organic amines into the carbon framework
formed amine functional porous carbons which could show
enhanced CO, adsorption capacities. The direct heat treatment
of porous carbons with ammonia at high temperatures can
introduce the amine groups on the material surface.***’
However, these technologies including both the increase of
the surface areas by the postactivation using various chemical
reagents and the postintroduction of the basic amine groups
suffer from several evident drawbacks such as being time-
consuming and high costs. Therefore, it is highly desirable to
prepare the nitrogen-incorporated porous carbons via a one-
step procedure without any postmodification. Nitrogen can be
doped into the carbon frameworks of porous carbons by the
direct pyrolysis of the nitrogen-containing precursors at high
temperatures. The nitrogen content and the microstructures
(surface areas, pore volume, and pore size) of the resulting
nitrogen-doped porous carbons are highly related to those of
nitrogen-containing organic precursors. However, those known
nitrogen-containing polymers, such as polypyrrole (15—25 m?/
g),*" polyaniline (~10 m?/g),* etc., have very low surface areas
and thus they are not the ideal precursors of porous carbons
obtained by pyrolysis. Subject to KOH activation, these
polymers could be transformed into highly porous carbons
with low yields, accompanying the production of a large
amount of wastes.

In this paper, a series of nitrogen-doped porous carbons
(NCs) were prepared by the direct pyrolysis of a novel high-
surface-area polymer, imine-linked polymer (ILP), which was
synthesized by the Schiff base condensations in DMSO under
catalyst-free conditions with only water as a side product.** The
as-prepared ILP has a high specific surface area (up to 744 m*/
g) and very high nitrogen contents of up to 10.21 wt %. The
direct pyrolysis of the ILP at different temperatures could form
the NCs with moderate surface areas (263—366 m’/g),
retained micropore sizes, and high nitrogen contents (5.58—
8.74%). It has shown that the combination of high density
nitrogen functional groups and well-defined micropore size in
the NCs results in excellent CO, adsorption capacities. At 1 bar
and room temperature, the calculated adsorption capacity for
CO, per m* (umol of CO,/m?*) of NC-800 is 7.41 pmol of
CO,/m? the highest ever reported for porous carbon
adsorbents for CO, capture. Furthermore, these NCs also
exhibit high stability, high selectivity for CO, over N,, and easy
regeneration and reuse without any evident loss of CO,
adsorption capacity.
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B EXPERIMENTAL SECTION

Material Preparation. The starting materials and solvent were
purchased from commercial sources (Sigma-Aldrich) without
purification before use. Imine-linked polymer was prepared on the
basis of the Schiff base chemistry using m-phenylenediamine and
terephthalaldehyde as the starting materials. Each starting material
(28.8 mmol) and dimethyl sulfoxide (DMSO, 120 mL) were added
into a 300 mL round-bottom flask fitted with a water-cooled
condenser and a magnetic stir bar. After degassing by argon, the
mixture was heated at 180 °C overnight under magnetical stirring.
After cooling down to room temperature, the solid product was
separated by filtration over a Biichner funnel and washed with a large
amount of ethanol. The resulting yellow powder was then dried at 80
°C for 1 day in air. The as-prepared imine-linked polymer (ILP) was
transformed into nitrogen-doped porous carbons by calcination at
different temperatures for 1 h with 3 °C/min under an argon gas flow
(50 mL/min). The resulting porous carbons were labeled as NC-T,
where NC is the abbreviation of nitrogen-doped porous carbon and T
is the calcination temperature in °C.

NC-700 was further treated with concentrated HCI (37 wt %) to
neutralize the nitrogen-containing basic groups. The protonated
carbon was filtrated, followed by a large amount of water and ethanol
until the pH of the filtrate was neutral. The final carbon, dried at 100
°C overnight, was named NC-700-HCI which was used as the control
CO, adsorbent.

Characterization. Nitrogen adsorption isotherms were collected
at —196 °C using a Quantachrome Autosorb 1C apparatus. Prior to
the measurement, the samples were degassed in a vacuum at 150 °C
for 16 h. Specific surface areas were calculated using the Brunauer—
Emmett—Teller (BET) equation (p/p, = 0.1—0.3). The total pore
volume was determined at relative pressure p/p, = 0.98. The pore size
distribution was estimated according to the quenched solid density
functional theory (QSDFT) equilibrium model for slit pores using the
Autosorb 1.56 software from Quantachrome. The micropore surface
area was calculated by the t-plot method.

X-ray powder diffraction patterns were recorded at a 26 scan rate of
3°/min in transmission geometry using a Stoe Stadi-P diffractometer
and Cu Ka, radiation (1 = 0.15405 nm).

Transmission electron microscopy (TEM) investigations were
performed using a 200 kV TEM FEI Tecnai T20 instrument.
Scanning electron microscopy (SEM) coupled with energy dispersive
X-ray analysis (EDX) was performed on a “DSM-982 Gemini” using a
BSE (backscattered electron) detector from Zeiss.

Scanning electron microscopy (SEM) coupled with energy
dispersive X-ray analysis (EDX) was performed on a “DSM-982
Gemini” using a BSE (backscattered electron) detector from Zeiss.

CNHS elemental analyses were performed using a EURO EA
elemental analyzer, fabricated by EURO VECTOR Instruments &
Software.

Thermal analysis (TGA) was performed using a Netzsch STA-409
instrument.

X-ray photoelectron spectra were recorded on a Kratos Axis Ultra
DLD spectrometer equipped with a monochromatic Al KR X-ray
source (75—150 W) and analyzer pass energy of 160 eV (for survey
scans) or 40 eV (for detailed scans).

CO, and N, Adsorption Experiments at 0 or 25 °C. The CO,
and N, adsorption measurements were carried out using a
Quantachrome Autosorb-1 apparatus at 0 or 25 °C and up to 1 bar.
Before each measurement, the sample (~100 mg) was degassed to
remove any moisture and CO, molecules adsorbed in the pores at 150
°C in a vacuum for 24 h. The sample was then cooled down to 0 or 25
°C, followed by the introduction of CO, or N, into the system. To
investigate the recyclability of the nitrogen-doped porous carbon in
CO, capture, the used porous carbon was regenerated by evacuating at
150 °C for 1 h in a vacuum and then reused in CO, adsorption test.

Bl RESULTS AND DISCUSSION

As shown in Figure la, porous imine-linked polymer (ILP)
could be efficiently prepared via Schiff base condensation of m-
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Figure 1. (a) Reaction equation showing the condensation between
terephthalaldehyde and m-phenylenediamine to form imine-linked
polymer (ILP). (b) SEM image and (c) FT-IR spectrum of the ILP.

phenylenediamine and terephthalaldehyde as the starting
materials. This reaction took place without any catalysts, and
water was released as the only side-product. Various organic
solvents were suitable as the reaction media, but DMSO gave
the best yield of the desired polymer with high porosity.*> The
resulting ILP is yellow powder, and the SEM image shows that
it has a loose, porous structural morphology (Figure 1b). The
successful preparation of ILP is proven by FT-IR (Figure 1c). A
strong imine (C=N) stretch is observed at 1614 cm™', which
confirms the presence of a large amount of imine bands in the
polymer.44 Moreover, a small band at 1690 cm™ ascribed to
unreacted aldehydes as the end groups is also found. Some
unreacted amine groups are also observed, as indicated by a
broad band in the range 3200—3700 cm™".* The presence of
the unreacted end groups is very common in this kind of
polymer. The highly active imine functional groups in the ILP
could be further transformed into novel poly(a-amino nitrile)
frameworks containing both second amine and nitrile groups
via one-pot Strecker reaction, ***7*

To confirm the stability of ILP, the TG-DTG measurement
was performed in an air flow. As shown in Figure 2, there are
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Figure 2. TG-DTG curves of ILP in an air flow (10 °C/min).

three weight loss stages in the TG curves. The first stage of
weight loss of ~3.5 wt % below 110 °C is attributable to the
desorption of the adsorbed moisture as well as some acidic CO,
molecules. The corresponding DTG curve shows a small
plateau with a maximum centered at ~76 °C. The second
weight loss of ~17.2 wt % with a plateau at ~227 °C in the
DTG curve happens between 110 and 324 °C, which should be
ascribed to the evaporation of DMSO adsorbed in porous ILP.
The third giant mass loss of ~78.6 wt % between 380 and 800
°C could be ascribed to the combustion of polymer in air.*
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The final residual mass is ~0.3 wt % at 850 °C. The result from
the TG analysis indicates that the resulting ILP has a high
thermal stability up to 400 °C in air. The stability of the ILP is
similar to that of recently reported covalent organic
polymers, #4550

After the pyrolysis at 600—800 °C in an argon flow, the ILP
could be transformed into nitrogen-doped carbons (NCs). The
NCs were obtained in excellent yields up to 50.1 wt %,
although a little decrease was observed at increasing pyrolysis
temperature (Table 1). These yields are far higher than those of

Table 1. Yield and Textural Properties of ILP and NCs

q a b @
ample 09 ('R (g )
ILP 744 0.62 553 0.86
NC-600  50.1 366 043 259 0.81
NC-700 485 284 0.39 167 0.81
NC-800 47.8 263 0.38 155 0.81

“Total pore volume at p/p, = 0.98. “Determined by the t-plot method.
“Maxima of the pore size distribution calculated by the QSDFT
method.

activated porous carbons prepared by KOH activation of
. . 38,51 ’

various organic polymers. The resulting NCs demonstrate a

different morphology from that of the ILP. As shown in Figure

3, SEM analysis reveals a general morphology of the aggregates

Figure 3. SEM images of NC-600 (a) and NC-800 (b).

of particles with different sizes, regardless of the pyrolysis
temperature. The wide-angle XRD profiles of both ILP and all
NCs exhibit the similar shapes without any sharp signals,
indicating that they are amorphous random frameworks (Figure
4). The high-resolution TEM image discloses the absence of
long-range order in NC-800 (the inset of Figure 4), matching
well with that from XRD analysis.

The nitrogen adsorption measurements were performed at
—196 °C to investigate the pore structure of the as-prepared
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Figure 4. XRD patterns of ILP and NCs. The inset is a high resolution
TEM image of NC-800.
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ILP and NCs. The corresponding nitrogen adsorption
isotherms and pore size distributions are shown in Figure Sa
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Figure 5. Nitrogen adsorption isotherms (a) and pore size distribution
curves (b) of ILP and various nitrogen-doped porous carbons.

and b, respectively, and the textural properties are listed in
Table 1. The resulting ILP shows the nitrogen adsorption
isotherms with typical characteristics of microporous materials
(Figure Sa). The specific surface area and pore volume of ILP
are up to 744 m*/g and 0.62 cm?/g, respectively. Indeed, the
specific surface area in the micropore range is as high as 553
m?*/g according to the t-plot method. The ILP demonstrates
one single narrow micropore diameter centered at ~0.86 nm,
confirmed by the pore size distribution curve (Figure Sb). The
ILP-derived NCs exhibit similar nitrogen adsorption isotherms
to the ILP, implying the retention of microporous structure in
the NCs. However, the amount of nitrogen adsorbed evidently
decreased with the rise of pyrolysis temperature. Accordingly,
the specific surface area and pore volume decay from 744 m*/g
(ILP) to 366 m*/g (600 °C) and 263 m*/g (800 °C) and from
0.62 cm*/g to 0.43 cm?/g (600 °C) and 0.38 cm?/g (800 °C),
respectively (Table 1). All NCs have the same narrow
micropore size (~0.81 nm), implying the successful main-
tenance of micropore size of the ILP after the pyrolysis in spite
of a little reduction (Figure 4b and Table 1).

Elemental analyses (Table 2) revealed that the ILP contained
66.75 wt % carbon, 10.21 wt % nitrogen, 8.22 wt % sulfur, and

Table 2. CNHS Chemical Elemental Analysis of ILP and
Various NCs

sample N (wt %) C (wt %) S (wt %) H (wt %)
ILP 10.21 66.75 8.22 5.36
NC-600 8.74 82.76 0.37 2.36
NC-700 6.82 84.15 1.70 1.26
NC-800 5.58 86.42 1.62 0.85

5.36 wt % hydrogen. The presence of sulfur in the ILP should
be derived from the solvent DMSO used during the preparation
of the ILP. And the content of DMSO calculated according to
the result of elemental analysis is ~20 wt %, comparable to that
(172 wt %) obtained by TG analysis. The good ability of
storing high-content DMSO should be the result of the high
specific surface area of porous ILP. After the pyrolysis, it can be
seen that the nitrogen and hydrogen content gradually decrease
with increasing pyrolysis temperature from 10.21 wt % (ILP) to
5.58 wt % (800 °C) and from 5.36 wt % (ILP) to 0.85 wt %
(800 °C), respectively. The pyrolysis at high temperature can
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result in the loss of heteroatoms in porous carbons.’> NC-600
has a large amount of nitrogen up to 8.74 wt % which is one of
the highest nitrogen contents reported for porous carbons.
Interestingly, the chemical elemental analysis showed that the
final NCs are also sulfur-containing. It is believed that the
introduction of sulfur is realized by the surface reaction of
polymer and DMSO at high temperature. The sulfur content of
NC-600 is only 0.37 wt %, and it evidently increases to 1.70 wt
% for NC-700 and 1.62 wt % for NC-800, respectively. It has
been proposed that the sulfur doping into microporous carbons
is advantageous to enhance CO, adsorption performance
because of the enhanced interaction of CO, molecules with the
material surface.>® Thus, the incorporation of sulfur as well as
high density basic nitrogen-containing groups in the NCs
should improve their CO, adsorption capacities.

X-ray photoelectron spectroscopy (XPS) is used to further
study the nature of functional groups on the surface of the ILP
and NCs. The XP survey spectra show the presence of three
distinct peaks and one weak peak ascribed to carbon, nitrogen,
oxygen, and sulfur, respectively (Supporting Information,
Figure S1). Quantitative elemental analysis by XPS indicates
that ILP, NC-600, NC-700, and NC-800 contain 10.56, 8.39,
6.65, and 5.63% nitrogen, respectively (Supporting Informa-
tion, Table S2). These values are very close to those obtained
by CNHS chemical elemental analysis, indicating that the
concentrations of the surface nitrogen-containing functional
groups in the ILP and NCs are similar to the concentrations of
nitrogen groups in the bulk. The N 1s and C 1s core level
spectra of the ILP and various NCs prepared by carbonization
of the ILP at temperatures of 600—800 °C are presented in
Figure 6. As shown in Figure 6a, The ILP only demonstrates
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Figure 6. N 1s (a) and C 1s (b) XPS spectra of the as-prepared ILP
and various NCs.

one peak at ~399.4 eV due to a single nitrogen-containing
functional group of the pyridine type.”*>> The pyrolysis at high
temperatures resulted in different N 1s peaks (Figure 6a),
indicating the decomposition of the ILP and the formation of
new nitrogen species. The binding energy of the pyridine-type
nitrogen in the NCs is 398.7 eV, which is a further shift of 0.7
eV to lower binding energies. This shift in binding energy of the
pyridine-type nitrogen in the NCs compared to the ILP should
be ascribed to the enhanced surface interaction. Another peak
at 400.9 eV in the N 1s spectra of the NCs corresponds to the
quaternary N,*® which is the most stable nitrogen group in the
nitrogen-doped carbons prepared by the pyrolysis. The strength
in binding energy of the quaternary N evidently increases

dx.doi.org/10.1021/am400059t | ACS Appl. Mater. Interfaces 2013, 5, 3160—3167
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compared to that of the pyridine type N as the pyrolysis
temperature, showing more and more nitrogen species are
strongly buried in the carbon matrix.>”*® As presented in Figure
6b, the C 1s signals of the ILP and NCs appear at about 285.0
eV, which is consistent with graphene sp” carbon. In all spectra,
there is a clear shoulder between 285.2 and 289.0 eV,*”*° which
can be due to carbon bound to nitrogen/sulfur/oxygen on the
material surfaces. The existence of small amounts of sulfur in
the NCs is also confirmed by XPS analysis, as shown in Figure
S2 in the Supporting Information. The S 2p signals in all NCs
are split into two main peaks which are at 164.1 and 165.2 eV,
respectively. Both peaks correspond to spin—orbit splitting of
sulfur atoms doped into graphene sheets. It means that the
sulfur atoms have incorporated into the carbon framework via
the formation of the C—S band.®"**

The as-prepared ILP and NCs were further used as
adsorbents for CO, capture considering their features of basic
nitrogen groups and narrow uniform micropores. At pressures
up to 1 bar, the CO, adsorption isotherms of the ILP and NCs
collected at 25 and 0 °C, respectively, are shown in Figure 7
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Figure 7. CO, adsorption isotherms of polyimine and various NCs at
25 °C (a) and 0 °C (b), respectively.

and Figure S3—6 (Supporting Information), and the adsorption
uptakes are presented in Table S2 (Supporting Information).
At 1 bar, porous ILP shows moderate CO, uptakes of 1.05
mmol/g (46.2 mg/g) and 1.97 mmol/g (86.7 mg/g) at 25 and
0 °C, respectively, which are comparable to the recently
reported ones of various organic porous polymers.'#'5% As
shown in Figure 6, it can be seen that the transformation of
porous ILP to the NCs obtained by the pyrolysis can evidently
increase the CO, adsorption capacities, possibly because of
both the narrower micropore sizes and more specific surface
sites in the NCs. At 1 bar, NC-600 pyrolyzed at 600 °C has
CO, uptakes of 1.65 and 2.33 mmol/g at 25 and 0 °C,
respectively, significantly higher than the ILP. Further increase
in the pyrolysis temperature could result in a little higher CO,
adsorption capacities, and the highest uptakes of CO, capture
for NC-800 are 1.95 and 2.65 mmol/g at 25 and 0 °C,
respectively. As shown in Table S3 (Supporting Information),
NC-800 has a low specific surface area of 263 m?/ g, but its CO,
adsorption capacity evidently outperforms graphitic nanofibers
(1.3 mmol/g at 25 °C),** nanoporous melamine resin sponges
(1.6 mmol/g at 0 °C),"* resin-based carbons (1.86 mmol/g at
25 °C),* and conjugated microporous polymers (1.45 mmol/g
at 25 °C)."> The CO, adsorption capacities of NC-800 are also
compared to those of various porous carbon materials with high
surface areas of over 1000 m*/g, such as widely used activated
carbons (~2 mmol/g at 25 °C),*" hard-templated CMK-3 (2.2
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mmol/g at 25 °C) and CMK-8 (2.1 mmol/g at 25 °C),* and
nitr)oégsen-doped hierarchical porous carbons (2.2 mmol/g at 25
°C).

In order to further determine the interaction strength
between CO, molecules and the surface of the NCs, the
isosteric heat of adsorption (Q,,) was calculated from the CO,
adsorption isotherms at 273 and 298 K on the basis of the
Clausius—Clapeyron equation.’® The plots as a function of CO,
uptake for the as-prepared NCs are shown in Figure S7
(Supporting Information). The Q, values for the NCs are in
the range 45—49 kJ/mol at low CO, uptake, which are higher
than those reported for nitrogen-doped templated carbons
from zeolite and mesoporous silica (31—36 kJ/mol),*”%®
spherical nitrogen-doped microporous carbons (30 kJ/mol),*
nitrogen-incorporated hierarchical porous carbons (33—37 kJ/
mol),*>”® and triptycene-derived benzimidazole-linked poly-
mers (29 kJ/mol).”" The high Q,, values indicate that the NCs
strongly interact with acidic CO, molecules. It is worth noting
that NC-800 has the lower Q, value of 45 kJ/mol than NC-600
and NC-700, but it has the highest CO, uptakes among these
NCs. It implies that the nature of the adsorption is physical
adsorption which strongly depends on the pore structure of
porous carbons. Furthermore, the Q,; values for the NCs at low
surface coverage clearly decrease as the nitrogen contents of the
carbons, indicating that the nitrogen functional groups play an
important role for CO, capture. The Q, values evidently
decrease to 22—25 kJ/mol as the CO, uptake increases,
implying that two CO, adsorption mechanisms coexist in these
NCs; CO, molecules are adsorbed onto both the nitrogen
functional groups and the nondoped porous carbon surface.
Among these NCs, NC-600 has the highest Q,; of 25 kJ/mol at
higher coverage (2.0 mmol/g), which are higher than biomass-
derived porous carbons (22 kJ/mol at 0.7 mmol/g)”* and
porous polyamine (18 kJ/mol at 2.2 mmol/g),” since NC-600
has both high nitrogen contents and textural properties.
Furthermore, it has been reported that the undoped porous
carbons have a Q, value of about 17 kJ/mol at high surface
coverage, which is evidently lower than our values (22-25 kJ/
mol) for the NCs. All these data above demonstrate the
importance of introducing basic nitrogen functional groups
onto porous carbons in increasing CO, uptake.

As shown in Figure 8 and Table S4 (Supporting
Information), the adsorption capacities for CO, per m’
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Figure 8. The comparison of CO, adsorption capacities for NC-800 in
this work and several recently reported porous carbon adsorbents. The
CO, adsorption capacities were collected at 1 bar and 25 °C.
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Figure 9. CO, adsorption isotherms of NC-700 and NC-700-HClI at 25 °C (a) and 0 °C (b), respectively.

(umol of CO,/m*) of NC-800 were also compared with those
of various recently reported adsorbents for CO, capture. At 1
bar and 25 °C, NC-800 demonstrates 7.41 gmol of CO,/m?,
which is one of the best values reported for CO, capture using
various adsorbents. For example, various nitrogen-doped
porous carbons prepared using different procedures only gave
poor to moderate CO, adsorption capacities of 1.31—6.70 umol
of CO,/m%7%7%74=77 evidently lower than our reported value
(7.41 pmol of CO,/m?) for NC-800. Polyacrylonitrile-based
activated carbon fibers only showed poor CO, adsorption
capacities of 1.97 umol of CO,/m%’® Self-assembly of
poly(benzoxazine-co-resol) in combination with a carbonization
process formed a nitrogen-containing carbon framework,
showing CO, adsorption capacities of 5.50 pmol of CO,/
m2”® Porous carbons derived from melamine—formaldehyde
had 4.59 pmol of CO,/m%* The introduction of sulfur into
the framework of microporous carbon only showed 1.54 ymol
of CO,/m%>® The doping of CaO in mesoporous carbon
resulted in moderate CO, adsorption capacities of 4.73 pmol of
CO,/m2®'" The CO, adsorption capacity of the NCs also
outperforms the recently reported triptycene-derived benzimi-
dazole-linked polymers (2.53 umol of CO,/m?).”! The
nanostructured carbon prepared using zeolite Y as the hard
template only showed 0.83 umol of CO,/m2% KOH activation
of carbon-based materials is an efficient method for forming
microporous carbons with enhanced surface areas, thus
resulting in increased gas storage capacities.19 By activation of
yeast or fungi based carbons using KOH, the resulting
microporous carbons showed poor to moderate CO,
adsorption capacities of 1.55—3.45 pmol of CO,/m****® The
adsorption capacity (1.85 umol of CO,/m?*)* of Olive stones-
based carbon activated by CO, also did not outperform the
NCs prepared by us. By selecting etching of silicon elements in
carbide materials using chlorine at high temperature,33 the as-
prepared carbide-derived carbons had very high specific surface
areas and the maximum CO, adsorption capacity was 3.87
umol of CO,/m?, only half of our value for NC-800.° The high
density of CO, molecules adsorbed on the surface of NC-800 is
ascribed to the uniform micropore sizes as well as high contents
of basic nitrogen functional groups.

Yashima and his co-workers reported that the basic nitrogen-
containing groups could efficiently act as the anchor sites for
CO, capture.®* Thus, it is believed that not only a large amount
of micropores but also surface basic nitrogen groups can
contribute to good adsorption capacities for CO, capture of the
NCs. To investigate the effect of the basic nitrogen functional
groups on the CO, adsorption capacity, the basic nitrogen
groups in the NCs were first neutralized by concentrated HCI
and then we measured the CO, adsorption isotherms of the
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resulting NC-700-HCl at 25 and 0 °C, respectively. As
indicated in Figure 9, the CO, uptakes at 1 bar of NC-700-
HCI are only 1.54 and 2.13 mmol/g at 25 and 0 °C,
respectively. Both CO, capture values are evidently lower than
those of NC-700 (1.80 mmol/g at 25 °C and 2.42 mmol/g at 0
°C, respectively). This comparison clearly shows that acid
treatment results in 12—15% CO, uptake loss of total CO,
adsorption capacities, which is a result of the neutralization of
basic nitrogen sites by acid. Thus, the existence of the basic
nitrogen groups in the NCs could enhance the CO, capture
capacities of porous carbons.

For practical applications, porous carbons should also show
easy regeneration, high stability and recyclability, and high
selectivity for CO, over N, beyond good CO, uptakes. Figure
S8 (Supporting Information) displays CO, adsorption
isotherms for NC-800 at 0 °C of five repeated runs with
regeneration. The CO, uptakes at 1 bar are similar under the
same conditions within five repeated runs, and there is no
noticeable change. During the adsorption measurements, it is
found that the captured CO, in the NCs can be quickly
desorbed after the gas is changed from CO, to He. These
results show that the NCs are very stable, and can be recycled
to capture CO, without any clear loss of performance.
Moreover, based on the initial slopes of CO, and N, adsorption
isotherms, the estimated adsorption selectivity for CO, over N,
of NC-800 is 21.6 (Supporting Information, Figure S9). This
selectivity is comparable to those of PCPs® and poly-
(benzoxazine-co-resol)-based PCs.”” Furthermore, the NCs
show large differences in adsorption capacities between CO,
and N, at 1 bar. For example, NC-800 has N, uptakes of 0.35
and 0.55 mmol/g at 25 and 0, respectively (Supporting
Information, Figure S10—11), which are only about 20% of the
adsorption capacities for CO, under the same conditions
(Supporting Information, Figure S4). All of this data implies
that the NCs prepared by the direct pyrolysis of the ILP are
well selective for capturing CO, over N,.

Bl CONCLUSIONS

Summarizing, imine-linked polymer (ILP) was successfully
prepared using the commercial starting materials based on the
Schiff base condensation under catalyst-free conditions. The as-
prepared ILP is microporous and loose powder, exhibiting a
high specific surface area of over 700 m?/ g and nitrogen
content of up to 10%. By direct pyrolysis of the ILP at
temperatures of 600—800 °C, a series of nitrogen-doped porous
carbons (NCs) was formed with moderate specific surface areas
of up to 366 m*/g, pore volumes of 0.43 cm’/g, and narrow
micropore size distributions. The resulting NCs contain not
only variable nitrogen contents (5.58—8.74%) but also different
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sulfur contents (0.37—1.7%) depending on the pyrolysis
temperatures. The doping of sulfur in the NCs is ascribed to
the surface reaction of the ILP and DMSO adsorbed in the ILP
at high temperatures.

The as-prepared NCs as well as their precursor (ILP) were
investigated in CO, capture considering their microporous
textural properties and high contents of basic nitrogen groups.
At 1 bar, porous ILP shows moderate CO, uptakes of 1.05
mmol/g (46.2 mg/g) and 1.97 mmol/g (86.7 mg/g) at 25 and
0 °C, respectively. The pyrolysis of the ILP at high
temperatures can evidently increase the CO, adsorption
capacities because of the narrower micropore sizes in the
NCs. Among the tested porous materials, at 1 bar, NC-800
prepared by the pyrolysis of the ILP at 800 °C showed the
highest CO, uptakes of 1.95 and 2.65 mmol/g at 25 and 0 °C,
respectively. The calculated adsorption capacity for CO, per m*
(umol of CO,/m?) of NC-800 is 7.41 pmol of CO,/m? at 1 bar
and 25 °C, which is the biggest value among various reported
physisorbents for CO, capture. Furthermore, these NCs also
exhibit high stability, large CO,/N, adsorption ratio of up to S,
excellent adsorption selectivity (21.6) for CO, over N,, and
easy regeneration and reuse without any evident loss of CO,
adsorption capacity. Thus, the NCs derived from the ILP have
great potential applications as the selective adsorbents for CO,
and N, separation in flue gas of power plants burning fossil

fuels.
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