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Porous carbons with a two-dimensional (2D) morphology and narrow micropore size distribution can

significantly enhance molecular separation efficiency. The precise control of micropore size is desirable;

however it remains a big challenge as most reported carbon materials usually have non-uniform

distribution of micropores. Herein, a group of 2D porous nanocarbons with single-sized ultramicropores

was synthesized by relying on the polybenzoxazine chemistry using primary amines with various aliphatic

chain lengths as the modulator. The unimodality of the micropore size of 2D porous nanocarbons

depends on the length of aliphatic chains in the amine moieties. By pyrolysis of short chain amine

induced polybenzoxazines, the produced 2D porous nanocarbons mainly consist of sp2 carbon, which

leads to the stacking of crystallites in a nearly parallel orientation, resulting in the formation of unimodal

ultramicropores. When evaluated as an adsorbent for CO2 capture, the 2D porous nanocarbons, with

a high adsorption capacity (5.2 mmol g�1), an excellent selectivity (192) and fast sorption kinetics under

ambient conditions, are complemented by the fact that equilibrium uptakes can be achieved in dynamic

flow situations.
Introduction

Owing to larger accessible geometrical surfaces and shorter
diffusion paths compared to their bulk counterparts, two-
dimensional (2D) nanostructured materials with extended
lateral dimensions and nanometer thickness show advantages
in many diffusion-controlled systems such as gas adsorption
and separation, electrochemical energy storage, and catalysis.
2D nanocarbons generally have advanced properties, such as
high surface area, good chemical and thermal stabilities and
excellent moisture resistance, which led to increased interest in
developing innovative synthesis routes of 2D nanocarbons.1–3

Literature established synthesis routes of 2D nanocarbons
fall into two categories: the top-down approach and bottom-up
approach. The top-down exfoliation approach relies on the
disintegration of bulk-layered crystalline mother materials,
while the bottom-up strategies produce 2D structures through
precise atomic, ionic and molecular self-assembly.4–6 A signi-
cant advantage of the bottom-up synthesis is that the molecular
structure of self-assembled organic substances, namely
carbon precursors, can be customized through the selection of
different monomers. However, controlled assembly leading to
School of Chemical Engineering, Dalian

R. China. E-mail: anhuilu@dlut.edu.cn

(ESI) available: SEM, XPS, elemental
sults. See DOI: 10.1039/c8ta09545k

hemistry 2018
anisotropic 2D structures poses a conceptual challenge in the
eld of materials research, because the existence of a high
proportion of lateral surfaces means a high free energy in the
synthesis system.7–10 Thus, most of the 2D carbons were
prepared by employing graphene oxides,11–19 metal salts,20–24

MgO,25 and layered double hydroxides26 as a shape-directing
agent. To date, there have been only a few examples of 2D
nanocarbon synthesis involving the self-assembly of organic
substances without any hard-template.27–29 Nevertheless,
organic substances usually have lower melting points and can
be easily decomposed and deformed during pyrolysis.
Furthermore, the restacking and curling of these 2D carbons are
always inevitable to minimize surface free energy, preventing
full utilization of surface area by blocking the access of guest
molecules. Thus, it is hard to retain the desiredmorphology and
pore structures, particularly in regard to nanometer sized
dimensions.

Fortunately, our previous studies have demonstrated that
polybenzoxazine-based nanocarbon materials such as nano-
spheres,30–32 nanosheets11–13 and nanoplates33 can generally
inherit the morphology of the starting polymers that can with-
stand thermal degradation. Recently, we reported that carbon
nanoplates with unimodal ultramicropores can be prepared
using thermoregulated phase transition methods for selective
natural gas separation and purication.33 Considering the
advantage of excellent morphology-retention and low thermal
shrinkage of polybenzoxazine-based carbon materials, we are
J. Mater. Chem. A, 2018, 6, 24285–24290 | 24285
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motivated to investigate how to further precisely tune the
micropore size and distribution of such nanocarbons.

The assembled molecular structure of polybenzoxazines is
a crucial factor that affects the morphology and porosity
evolution of the corresponding carbons during pyrolysis.34,35

The Mannich base bridge (–CH2–NR0–CH2–) is a characteristic
of polybenzoxazines, and the Mannich base shows a signicant
degree of hydrogen bonding with the phenolic OH groups
(–OH/N intramolecular hydrogen bonding). The strength of
hydrogen bonding depends on the basicity and bulkiness of the
amines.36–38 Thus, different types of amine substituents (R0)
would have an impact on the thermal degradation of poly-
benzoxazines, accordingly inuencing the microporous struc-
tures of their carbon counterparts. Therefore, we decide to
investigate the inuence of the aliphatic chain length of the
primary amine moieties on the micropore structure of the 2D
nanocarbons.
Results and discussion

The primary amines used in our research include ethylamine
(EA), ethylenediamine (EDA), propylamine (PA), 1,3-dia-
minopropane (DAP), butylamine (BA), hexylamine (HA), and
1,6-diaminohexane (DAH). The synthesis process generally
relied on the thermoregulated phase transition method.33 Field-
emission scanning electron micrographs (SEM) of all the
carbon samples show at and thin 2D structures with
micrometer lateral dimensions (approximately 4 mm � 1 mm),
demonstrating that the selected primary amines are applicable
for the synthesis of 2D polybenzoxazine-based porous nano-
carbons. The average thickness ranges from 48 nm to 60 nm,
Fig. 1 SEM images of (a and b) C-EDA, (c and d) C-PA, (e and f) C-DAH, a
(l) C-DAH. For a given sample, about 10 carbon samples were quantified

24286 | J. Mater. Chem. A, 2018, 6, 24285–24290
depending on the aliphatic chain length of the primary amines
under identical synthesis conditions (Fig. 1a–h and S1†). The
high transparency of carbon samples, in the transmission
electron microscopy (TEM) images, can be clearly observed in
some cracked and staggered portions (yellow oval in Fig. 1i),
further highlighting their ultrathin nature. Even more remark-
able, the orientedmultilayer regions consist of several graphene
layers, as observed at the edge of representative 2D porous
nanocarbons (Fig. 1g–l). Compared to other amorphous
carbons characterized by a random orientation and rigid cross-
linking of turbostratic nanodomains, the stacking of sp2 gra-
phene carbon sheets is oriented parallelly in a two-dimensional
thin structure.

The nitrogen sorption isotherms of all 2D porous nano-
carbon samples are type I, reecting the microporous charac-
teristic (Fig. 2a). Their surface areas are in the range of 360–550
m2 g�1 (Table 1). For the primary amine (EA, PA, BA, and HA)
modulated 2D polybenzoxazine-based nanocarbons, the corre-
sponding pore size distributions (PSDs) of C-EA, C-PA, C-BA,
and C-HA are 5.8, 5.8, 5.8/8.0/11.5, and 5.8/8.0 Å, respectively
(Fig. 2b). Clearly, when the aliphatic chain length is larger than
three carbons, the pore sizes extend from monomodal to bi- or
tri-modal distributions, but the overall pore sizes are still in the
micropore range. The majority of the pore sizes are 5.8 Å, while
the minority of the pore sizes are 8 Å and 11.5 Å. For the primary
diamine (EDA, DAP, and DAH) induced 2D polybenzoxazine-
based nanocarbons, the PSDs of C-EDA, C-DAP, C-DAH, are
5.3, 5.8/8.0, and 5.8/8.0/11.5 Å, respectively. By comparing the
PSDs of primary amines and diamines, one can speculate that
the pore size unimodality of the obtained nanocarbons has
a certain dependence on the length of aliphatic chains and the
nd (g and h) C-PA-KC, and TEM images of (i and j) C-PA, (k) C-EDA, and
to obtain the average thickness.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) N2 adsorption isotherms and (b) the corresponding PSDs of
2D polybenzoxazine-based nanocarbons, the adsorption isotherms of
C-EDA, C-PA, C-DAP, C-BA, C-HA, and C-DAH are vertically offset by
140, 290, 450, 620, 800, and 1000 cm3 g�1, STP, respectively.
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amine moieties. We can conclude that, when the total number
of carbon and nitrogen atoms is less than four, the obtained 2D
porous nanocarbons show nice single-sized ultramicropores.

The elemental analysis and X-ray photoelectron spectroscopy
(XPS) show a carbon and an oxygen content in 2D nanocarbons
of 80–90 wt% and�10 wt%, respectively (Fig. S2 and Table S1†).
C-EA, C-EDA, and C-PA with a single-sized pore system tend to
show a high carbon content of �90 wt% and low heteroatom
content, i.e., hydrogen and oxygen amount, compared to C-DAP,
C-BA, C-HA, and C-DAH. C 1s XPS were collected for 2D nano-
carbons (Fig. 3a–g), in which ve peaks denoting sp2 hybridized
carbon, sp3 hybridized carbon, C–O, O–C]O, and HO–C]O
were deconvoluted with increasing binding energies.39–42 C-EA,
C-EDA, and C-PA consist of more than 70% sp2-hybridized
graphitic domains, less than 15% sp3 carbon, and a small
amount of C–O, O–C]O, and HO–C]O functional groups (le
S2). In this case, the cross-linking between neighbouring sp2

graphene sheets for these samples is much weaker. The struc-
ture thus tends to bemore compact and the sp2 graphene sheets
Table 1 The synthesis conditions and textural parameters of the prepar

Sample Primary amine
Chemical formula
of the primary amine Pore size (Å)

C-EA EA CH3CH2NH2 5.8a

C-EDA EDA NH2(CH2)2NH2 5.3
C-PA PA CH3(CH2)2NH2 5.8
C-DPA DAP NH2(CH2)3NH2 5.8/8.0
C-BA BA CH3(CH2)3NH2 5.8/8.0/11.5
C-HA HA CH3(CH2)5NH2 5.8/8.0
C-DAH DAH NH2(CH2)6NH2 5.8/8.0/11.5

a Pore size distribution of C-EA has a sharp peak at 5.8 Å.

This journal is © The Royal Society of Chemistry 2018
have a strong tendency to stack into an almost parallel orien-
tation, resulting in uniform slit-like micropores.41–45 In contrast,
C-DAP, C-BA, C-HA, and C-DAH with large amounts of sp3

carbon and heteroatoms give rise to a multimodal distribution
of micropores. These phenomena are consistent with our
previous report.33

X-ray diffraction (XRD) patterns and Raman spectra were
also collected from three representative 2D porous nanocarbons
C-EDA, C-PA, and C-DAH to further investigate the effect of the
aliphatic chain length of primary amines on the graphitization
degree of their carbon products. The thickness and average
width of the carbon crystallites, Lc and La, were calculated by
XRD based on the well-known Scherrer equation, using the
FWHM values of (002) at 2q¼ 23� and (100) at 2q¼ 43� (Fig. 3h).
Raman spectroscopy analysis was employed to investigate the
degree of graphitic ordering in the carbons (Fig. 3i). The larger La
and smaller Lc of carbon crystallites and the higher integral
intensity ratio of IG : ID (G-band and D-band) for C-EDA and C-PA
(Table S3†) also indicate that the decrease of the aliphatic chain
length of primary amines facilitates the growth of carbon crys-
tallites, and consequently single-sized ultramicropores. The
above characterization results provide some insight into the role
of primary amines in the formation of the pore structure of 2D
nanocarbons. As reported, the lower the carbon number of alkyl
chains in primary amines, the stronger the hydrogen bonding
strength of the polybenzoxazine network will be,46 which results
in the higher thermal stability of the formed polybenzoxazine.47

Aer pyrolysis, such carbon counterparts exhibited high carbon
content and a large proportion of sp2 carbon, consequently
favouring the formation of unimodal ultramicropores.

Besides uniform pore size, adsorbents with high pore
volumes are desirable in order to achieve a large adsorption
space. In this work, C-PA with unimodal ultramicropores was
activated with K2CO3, which is denoted as C-PA-KC (Fig. 1g, h,
and S3†). The surface area and pore volume of the activated
sample increase from 463 to 815 m2 g�1 and from 0.26 to
0.41 cm3 g�1, respectively. The proportion of microporosity is
95% of surface area and 88% of pore volume. The pore size of
C-PA-KC is uniformly concentrated at 5.6 Å. It is well established
that the adsorption potential is maximized for the micropore
size of carbonaceous adsorbents, which is �2 times as large as
the kinetic diameter of CO2,48–50 resulting in high CO2 adsorp-
tion potential in C-PA-KC. When evaluated as an adsorbent for
ed 2D porous nanocarbons

SBET (m2 g�1) Smic (m
2 g�1) Vtotal (cm

3 g�1) Vmic (cm
3 g�1)

500 480 0.27 0.22
525 510 0.28 0.25
463 428 0.26 0.23
493 469 0.27 0.24
542 500 0.30 0.24
480 463 0.28 0.25
361 309 0.22 0.19

J. Mater. Chem. A, 2018, 6, 24285–24290 | 24287
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Fig. 3 (a–g) C 1s XPS of 2D porous carbon samples, (h) XRD patterns
and (i) Raman spectra of C-EDA, C-PA, and C-DAH.

Fig. 4 (a) CO2 and N2 adsorption isotherms, (b) IAST selectivity, (c)
isosteric heat of adsorption of CO2, (d) breakthrough curves, (e) cyclic
experiments, (f) breakthrough curves in moisture for C-PA-KC.
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the capture of CO2, C-PA-KC can rapidly adsorb CO2 at very low
pressure (#0.15 bar), and the uptakes can reach 5.2 and
7.0 mmol g�1 at 298 K and 273 K and 1 bar, respectively (Fig. 4a).
These uptakes are much higher than those of porous carbon
materials with similar surface areas reported in the literature,
which are attributed to the single-sized ultramicropores that
strengthen the host-guest van der Waals interactions. Compara-
tively, the maximum N2 uptake of C-PA-KC at 298 K and 1 bar is
only 0.3 mmol g�1. The separation selectivity was calculated for
C-PA-KC using ideal adsorbed solution theory (IAST), which is
192 for CO2/N2 (16/84 v/v%) systems (Fig. 4b). The initial isosteric
heat of adsorption for C-PA-KC is 32 kJ mol�1 at low CO2 uptake
based on a variant of the Clausius–Clapeyron equation (Fig. 4c).
The lowQst value of CO2 adsorption on the C-PA-KC characterizes
the weak interactions between CO2 and the 2D nanocarbons,
thereby resulting in a relatively simple desorption process and
fast adsorption/desorption rates.

The dynamic “breakthrough” separation experiments were
conducted in a packed column bed of C-PA-KC at 298 K and 1
bar, using CO2/N2 (16/84 v/v%) streams which approximately
mimic a ue gas. The “breakthrough curve” demonstrates high
separation of CO2 (Fig. 4d). More specically, in the mass-
transfer zone between the breakthrough point and saturation,
the breakthrough curve of CO2 is much steeper, suggesting
a tiny mass-transfer resistance under these conditions, i.e., fast
gas diffusion in the C-PA-KC body.51 The calculated CO2 mass
capacity of C-PA-KC is about 1.6 mmol g�1, which is close to the
equilibrium uptakes of single component CO2 adsorption
(1.7 mmol g�1) at a CO2 partial pressure of 0.16 bar. These
dynamic data strongly highlight C-PA-KC with fast adsorption
kinetics, high selectivity and high adsorption capacity. Succes-
sive regeneration experiments showed that C-PA-KC retained
>98% of its intrinsic capacity aer mild regeneration (Fig. 4e).
The separation efficacy of C-PA-KC under humid conditions was
tested by using a gas mixture of CO2/N2/H2O (16/81/3 v/v/v%).
The presence of moisture does not affect the separation
24288 | J. Mater. Chem. A, 2018, 6, 24285–24290
capability of C-PA-KC, indicating its extraordinary moisture
resistance (Fig. 4f). In addition, the sample C-DAH-KC also
shows high adsorption capacity (5.0 mmol g�1) and good
separation selectivity (162 for CO2/N2 (16/84 v/v%)) at 298 K and
1 bar, demonstrating the contribution of the uniform ultra-
micropores to the gas separation performance (Fig. S4 and S5†).
Conclusions

In this study, the inuence of the aliphatic chain length of the
primary amine moieties on the morphology and micropore
structure of 2D polybenzoxazine-based porous nanocarbons
was investigated. The shorter the length of aliphatic chains in
the amine moieties, the higher the unimodality in micropore
size achieved. Our study may provide an efficient and exible
molecular design strategy for precise control of the micropore
size distribution in porous carbons. These 2D nanocarbons with
single-sized ultramicropores show high separation potential for
molecules with similar size and polarizability, such as olen/
paraffin, alkane and aromatic hydrocarbon isomers. Further
studies will be carried out along this direction in our laboratory.
Experimental
Chemicals

Resorcinol, ethylamine, ethylenediamine, propylamine, 1,3-
diaminopropane, butylamine, hexylamine, 1,6-diaminohexane,
This journal is © The Royal Society of Chemistry 2018
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ammonia solution (25 wt%), potassium carbonate (K2CO3),
hydrochloric acid (HCl) (37 wt%), stearic acid, and formalde-
hyde (37 wt%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Pluronic F127 was purchased from Sigma. All
chemicals were used as received.

Preparation of 2D nanocarbons

2D polybenzoxazine-based nanocarbons were prepared accord-
ing to a method described in our previous publication.33 Typi-
cally, resorcinol (2 mmol) and formaldehyde (37 wt%) (4 mmol)
were rst dissolved in water (390 mL) at 28 �C, and then
a suspension of stearic acid sheets (10 mL) was added under
slow stirring. Aer the addition of a primary amine (0.25 mmol),
the solution became a white suspension within 0.5 h. Ammonia
solution (1.5 M) (1 mL) was added to the suspension. The
resulting suspension was further heated to 80 �C for another
4 h. Then, the polymer product was washed three times with
water, followed by freeze drying. Finally, 2D porous nano-
carbons were obtained by pyrolysis of the polymer at 600 �C for
2 h under an argon atmosphere. For the synthesis of C-X-KC, C-
X and K2CO3 were mixed with a mass ratio of 1 : 2, and then
thermal treated at 700 �C for 3 h under an argon atmosphere.
The obtained products were washed with HCl (0.2 M) and water
until the ltrates became neutral.

Characterization

SEM images were obtained with a FEI NOVA NanoSEM 450
instrument. TEM investigations were carried out with a Tecnai
G2 20S-Twin electron microscope equipped with a cold eld
emission gun. The acceleration voltage was 200 kV. Nitrogen
adsorption isotherms were measured with an ASAP 2020 sorp-
tion analyzer (Micromeritics) at 77 K. Before the measurements,
all the samples were degassed at 200 �C for 4 h. The surface
areas (SBET) were calculated using the Brunauer–Emmett–Teller
(BET) method. Micropore volumes (Vmic) were calculated using
the t-plot method. Micropore size distributions (PSDs) were
determined based on non-local density functional theory. XPS
analysis was carried out with a Thermo VG ESCALAB 250
Microprobe instrument using Al Ka radiation as the X-ray
source. The binding energy (BE) of the element was calibrated
using a C 1s photoelectron peak at 284.6 eV. XRD measure-
ments were performed on an X'Pert-3 Powder diffractometer,
using Cu Ka radiation (l ¼ 0.15406 nm). Raman spectra were
recorded on a DXR Microscope Raman Spectrometer, using
a 532 nm line of KIMMON laser.

CO2 sorption and separation measurements

The equilibrium gas uptakes were measured on a Micromeritics
ASAP 2020 static volumetric analyzer at a pre-set temperature.
Prior to each adsorption experiment, the sample was degassed
for 4 h at 200 �C, ensuring that the residual pressure fell below
0.05 mbar, followed by introduction of a single-component gas.
For dynamic gas-separation measurements, the separation of
CO2/N2 (16/84 v/v%) mixtures was performed on a xed-bed
adsorber (a stainless-steel tube with an inner diameter of
8 mm and a length of 130 mm) at 1 bar and 298 K. The mass of
This journal is © The Royal Society of Chemistry 2018
the adsorbent is 1.434 g. First, the bed was heated at 50 �C in Ar
at a ow rate of 50 mL min�1 for 2 h. Then, the breakthrough
experiments were conducted by abruptly switching from Ar to
the gas mixture with a total ow rate of 12 mL min�1. A sample
saturated with gas molecules was subjected to an Ar ow of 15
mL min�1 under ambient conditions. Aer 30 min, no gas
molecule was detected in the effluent. The effluent gas was
monitored online by using an Agilent 7890A gas chromatograph
with a thermal conductivity detector (TCD).

The (absolute) adsorbed amount is calculated from break-
through curve using the equation:

qi ¼
F0 � t0 � Vdead �

ðt0
0

Fi Dt

m

where F0 is the total volumetric gas ow rate; t0 is the adsorption
time (min); Vdead is the dead volume of the column and line; Fi is
effluent volumetric ow rate; m is the mass of the adsorbent.
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