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Carbon capture has emerged as a pivotal carbon neutrality
technology for addressing greenhouse effect challenges. Porous carbons are \
one of the most promising adsorbents for CO, capture and separation from oW ‘.\S‘ﬁx | %)"{”‘"m
flue gas, yet their traditional synthesis necessitates inert atmospheres to avoid ; N A

‘Gc" A
'€ micropores/mesopores

: P
oxidation, which greatly restricts the large-scale production at a low cost and ) Q:t.:
g 5 8l . . . R
advanced industrial applications. Herein, we propose an innovative pathway . ¢ L \gne-step 7 el
for large-scale fabrication of porous carbons via one-step pyrolysis in an air <~ , flue gas
air-assisted pyrolysis

environment. Porosity and surface chemistry can be concurrently tailored by
controlling the air-assisted pyrolysis process, and the optimization URF resins
mechanism is unveiled in detail. The resultant materials feature well-

interconnected hierarchical porosity with highly proportioned ultramicroporosity, uniform spherical morphology, and high surface
heteroatom doping levels. By leveraging porosity and surface chemistry, the optimal sample exhibits superior CO, capture behaviors
of satisfactory CO, uptake and ultrahigh selectivity. CO,/N, selectivity reaches up to 160 at 0.15 bar and 25 °C, and it still achieves
up to 76 at 1.0 bar and 25 °C, ranking it in the top 5% of the reported porous carbons. We explore the correlations between porosity,
surface heteroatoms, and CO, capture behaviors. Porosity has a decisive function on CO, capture capacity and selectivity, especially
ultramicroporosity, and surface heteroatoms doping could have a positive promotion in selectivity caused by extra CO,-philic sites.
This work pioneers a feasible approach for large-scale directional design of functional porous carbons through air-assisted pyrolysis
under mild conditions.

N-rich ultramicropore
carbon sphere

dynamic tailoring, ultramicroporous, air-assisted pyrolysis, high selectivity, CO, capture

remains tremendous challenging. Porosity and surface
chemistry play the decisive role in affecting CO, capture
behaviors of porous carbons.''~"* Consequently, numerous
interests focus on porosity tailoring and surface functionaliza-

Carbon dioxide (CO,), as the predominant greenhouse gas,
arouses global warming and severe environment problems.
Currently, for meeting the energy demand of economic

development, it is an irresistible difficulty to completely tion to construct porous carbons with high CO, uptake and
avoid fossil fuel combustion despite the fact that the selectivity. As for the pore structure, it has been widely
combustion of fossil fuels results in the continuous rise of recognized that fine micropores (<1.0 nm) play a crucial role
atmospheric CO, concentration. CO, capture, separation, and in CO, capture capacity especially ultramicropores (<0.7
utilization (CCSU) have been considered a viable technology nm)."""® Many efforts have been made to directionally
to mitigate atmospheric CO, concentration or reducing CO, construct porous carbons with a high proportion of narrow
emission.' > The key to CCSU technology lies in CO, capture, micropores via various approaches, such as physical activation,
which aims at intercepting CO, emissions at the point of large- chemical activation, and template methods.'®™"® The engineer-
scale industrial generation sources. CO, capture by porous ing of surface functionalization is achieved by heteroatom
solid adsorbents is the most popular approach for CO, capture doping, especially nitrogen doping, which can offer additional

owing to their high adsorption efliciency, simple operation, low
energy consumption, and low cost.*™

Among various porous solid adsorbents, porous carbons
have been believed to be the highly promising contender by
virtue of tailorable porosity, tunable surface environment,
simple synthesis, low cost, and easy regeneration.” "’ In
general, materials' textural and chemical properties are
interrelated, and thus optimizing the physicochemical proper-
ties of porous carbons to leverage their adsorption behaviors

CO,-philic sites to promote CO, uptake through acid—based
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Figure 1. (a) Schematic illustration of the synthesis route and probable formation mechanism of NUCS. Gray ball: C atom; red ball: O atom; blue
ball: N atom; white ball: H atom. (b, c) XRD patterns of NUCS-x-y samples. (d, e) Raman spectra of all NUCS-x-y. (f, g) The I/I; values of

NUCS-x-y samples.

interactions, hydrogen bonding, and quadrupolar interac-
tions.'”*’ Nitrogen doping is achieved via postmodification
involving high-temperature treatment with nitrogen sources
and in situ doping of the pyrolysis of nitrogen-containing
precursors.”** Unfortunately, these pore controlling strategies
above usually necessitate activating agents and templates,
which trigger the harsh requirements for equipment,
corrosivity, and intricate processes. Moreover, the post-
modification of N species often sacrifices porosity caused by
pore blocking, and thus developing porosity and surface N
doping are mutually competing and incompatible.”’ Partic-
ularly noteworthy is the considerable consumption of inert
gases in all above synthesis processes,”* greatly restricting the
industrial large-scale production and sustainable application.
Therefore, it remains a formidable challenge in the ability to
produce porous carbons with high microporosity and an
enriched N-doping level on a large scale in an air environment.

For this purpose, we propose a versatile, simple one-step
pyrolysis carbonization route in an air atmosphere for the
directional design of ultramicroporous carbons on a large scale,
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which can fine-tune the microporosity and surface chemical
environment synchronously. In this route, the cross-linking
urea-resorcinol-formaldehyde resins work as carbon precursors
owing to rich oxygen-containing and N-containing groups,
uniform sphere morphology, and easy large-scale production,
and air functions as a coactivator in pyrolysis. Microporosity
and surface N species can be leveraged by controlling the
pyrolysis process in an air environment. The pore-forming
mechanism of the air-assisted pyrolysis method is unveiled in
detail. The resultant porous carbons present uniform spherical
morphology, well-interconnected and tailorable porosity, high-
proportioned ultramicroporosity, and adjustable surface
heteroatom doping level. Benefiting from the structural merits,
the prepared N-rich ultramicroporous carbon spheres exhibit
the outstanding CO, capture behaviors of satisfactory CO,
uptake and high selectivity. Meanwhile, we deeply explore the
roles of porosity and surface heteroatoms on CO, capture
behavior and inform design considerations for improving CO,
capture capacity and selectivity to effectively capture and
separate CO, from the simulated flue gas. Our work not only
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develops a viable pathway for directional synthesis of
functional microporous carbons via air-assisted pyrolysis
under mild conditions but also provides a possibility for
producing porous carbons on an industrial scale.

Resorcinol (C4HO,), urea (CH,N,0), formaldehyde (HCHO, 37 wt
%), and aqueous ammonia (NH;-H,O, 25 wt%) were purchased from
Shanghai Aladdin Industrial Corporation. All chemicals are of
analytical grade and used without further purification.

The resins were synthesized by a Stober method.*" Typically, 1.5 mL
of aqueous ammonia (NH;-H,O, 25 wt%) was added into a mixed
solution of 120 mL of absolute ethanol and 300 mL of deionized
water. After the mixture was stirred for 30 min at 30 °C, 3 g of
resorcinol and 3 g of urea were added into the solution followed by
continuous stirring for 30 min. Then, 4.2 g of formaldehyde (HCHO,
37 wt%) was added. After being stirred continuously for 24 h at 30
°C, the mixed solution was placed in a Teflon-sealed autoclave and
reacted at 100 °C for 24 h. The products were collected by suction
filtration, rinsed with deionized water repeatedly, and oven-dried at
100 °C for more than 10 h to obtain the final resin, which were
defined as UREF resins.

1 g of the dried URF resins was placed in a 25 mL of corundum
crucible with a cover and then was pyrolyzed in a muffle furnace at
different temperatures (400, 500, 600, and 700 °C) with a heating rate
of § °C/min. In the pyrolysis process, the cover of the crucible can
avoid the products from being polluted or overflowed and at the same
time the cover can provide limited air to assist pyrolysis, which can
result in a relatively high yield. After the fixed pyrolysis time, the
corundum crucible was immediately taken out to cool to room
temperature for obtaining the N-rich ultramicroporous carbon
spheres. The resultant materials were designated as NUCS-x-y,
where x = 4, 5, 6, and 7, representing the pyrolysis temperatures of
400, 500, 600, and 700 °C; y = 1, 2, 3, 4, and 5, referring to the
pyrolysis times of 1, 2, 3, 4, and S h.

X-ray diffraction (XRD) patterns were monitored by a Bruker D8
diffractometer using Cu Ka radiation (4 = 0.15418 nm) as an X-ray
source. Nitrogen adsorption—desorption isotherms were carried out
at —196 °C using a Micromeritics ASAP 2020HD88 analyzer. Before
adsorption, the samples were outgassed at 200 °C for 10 h. The
specific surface area (Spgy) was evaluated using the Brunauer—
Emmett—Teller (BET) method at the relative pressure of 0.001—0.0S,
and the pore size distributions were calculated according to the
density functional theory (DFT) method. Micropore volumes (V)
and surface areas (Sy,,) Were analyzed by using the t-plot method.
The micropore (<1.0 nm) size distribution and cumulative micropore
volume were calculated by fitting the isotherms calculated by DFT to
experimental CO, adsorption isotherms at 0 °C. The morphology was
observed from a scanning electron microscope (SEM, Quanta 250
FEG) and transmission electron microscopy (TEM, FEI Tecnai G2
20). Fourier transform infrared (FTIR) spectra of a sample in a KBr
wafer were recorded on a Nicolet Avatar 370 spectrometer. X-ray
photoelectron spectra (XPS) were obtained on a VG ESCALAB MK
II X-ray photoelectron spectrometer with an exciting source of Mg Ka
(1253.6 V). Raman spectra were recorded on a Raman spectrometer
(HORIBA/LabRAM HR Evolution) operating with a 532 nm laser.
Dynamic light scattering (DLS) plots were recorded using a Malvern
Zetasizer/Nano ZS90.

Gas adsorption isotherms of CO, and N, were measured by using a
Micromeritics ASAP 2020HD88 instrument. Highly pure gases CO,
(99.999%) and N, (99.999%) were employed for the measures. The
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isotherms of CO, and N, at 0 and 25 °C were conducted in a water
bath. Prior to each gas uptake measurement, the samples were
degassed at 200 °C for 2 h.

The selectivity for CO, from the IAST model was determined from
the following equation:

S = [p(CO,)/q(CO)/[p(N,)/q(N,)]

where S is the selectivity for CO,, p is the uptake amount of CO,/N,,
q(C0O,) is 0.15, and g(N,) is 0.85. The 15/85 CO,/N, ratio used in
the calculation represents the typical composition of flue gas.

Well-interconnected N-rich ultramicroporous carbon spheres
were synthesized via a facile one-step air-assisted pyrolysis
strategy, and the synthesis route and probable formation
mechanism are illustrated in Figure la. First, cross-linked URF
resins were obtained through a step-growth hydrothermal
polymerization of resorcinol, formaldehyde, and urea, which is
a cross-linking mechanism of condensation reaction. A
condensation reaction continuously proceeds among the
hydroxymethyl groups between the polymerized phenolic
resin (RF) and urea-formaldehyde resin (UF) to generate
methylene- and methylene ether bridged polymers. Such
polymers contain multifunctional branched polymeric mono-
mers, which can copolycondense to grow the spherical URF
copolycondensation framework (Figure S1, Supporting In-
formation) under hydrothermal conditions with an increasing
cross-linked degree. Noticeably, the polymerization degree
greatly depends on the hydrothermal temperature and time,
and high temperature and long reaction time bring the
discrimination in polymerization degree of URF resins, which
results in different sphere diameter sizes. Subsequently, during
the carbonization process, the pyrolysis of URF resin spheres
can introduce numerous micropores with the release of small
molecules and ultramicropores are dominant. As a result, URF
resin spheres were converted into carbon spheres with a
reduced diameter size due to structural shrinkage. The
obtained carbon spheres feature plenty of alicyclic hexatomic
spacer-connected benzene rings through the elimination of
H,0O molecules, which can also bring the structural shrinkage,
and the detailed reaction process and changes in molecular
structure are depicted in Figure S2. Moreover, with air
assistance, some of the carbons in carbonaceous resin were
further burned by the O, in air, which produced more pores
and even led to an enlarged micropore size. Meanwhile, during
the carbon burning process, the generated CO,/CO gases
escaped through the carbon skeleton, which can bring some
additional micropores. Consequently, the well-interconnected
porosity can be tailored by adjusting the pyrolysis process.
Crystalline structure evolution from URF resins to N-rich
ultramicroporous carbon spheres was first characterized by
XRD analysis. URF resins show a typical amorphous polymer
feature with a wide hump at around 21° (Figure S3). As shown
in Figure 1b,c, all NUCS-x-y samples exhibit two weak
diffraction peaks at ~23° and ~44°, which are assigned to
(002) and (100) planes of carbon,” respectively. However, the
low intensity and wide shape suggest the amorphous carbon
framework. The structural defects and graphitization degree of
carbon skeleton were further analyzed by Raman spectra
(Figure 1d,e). Two narrow peaks at ~1340 and 1580 cm™" are
found in all NUCS-x-y samples, which belong to the D and G
bands, respectively. The D band refers to disorder nature of
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Figure 2. SEM images. (a) NUCS-4—3; (b) NUCS-5—1; (c) NUCS-5—2; (d) NUCS-5-3; (e) NUCS-5—4; (f) NUCS-5—5; (g) NUCS-6-3; (h)
NUCS-7-3. TEM images of the representative NUCS-5—3 sample (i and j). EDS analysis (k); C, N, and O elemental mapping images of NUCS-

5=3 (m).

carbon, reflecting the structural defects. The G band represents
sp>-bonded graphitic carbon, reflecting the graphitization
degree of the carbon skeleton. Generally, the comparative
intensity ratio of the D-band and G-band (Ip/I;) estimates the
level of graphitic order in the carbon skeleton. The relatively
high Ip,/I; values (Figure 1f,g) indicate the low graphitization
degree and poor crystallinity as well as high structural defect
degree, which is consistent with the analysis results of XRD.
However, it can be clearly found that the graphitization degree
of NUCS-x-y samples enhance with the rise of carbonization
temperature and carbonization time, which could be attributed
to the sufficient heat energy to progress the graphitic order.”®

The structural evolution from UREF resins to carbon spheres
can be revealed by electron microscopy. URF resins present
uniform nanospheres with a diameter of ~800 nm and possess
smooth surfaces (Figure S1). After pyrolysis in air, all NUCS-
x-y samples completely retain the spherical morphology, and
the surface smoothness also exhibit a negligible change (Figure
2a—h). Noticeably, the sizes of NUCS-x-y nanospheres are
smaller than those of URF resins, and their sizes become
smaller with the enhancement of the pyrolysis temperature and
time (Figure S4). Such results should be ascribed to the
structural shrinkage resulting from the removal of small
molecules and the cross-linking rearrangement among polymer
chains.”” As displayed in the SEM image and the DLS (Figure
SS), an ~25% shrinkage in overall particle size is observed in
NUCS-4—3, and an around 50% shrinkage is found in NUCS-
7—3. The uniform and cross-link spherical aspect with a
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diameter of ~500 nm can be further observed in the TEM
image of NUCS-5—3 (Figure 2i). Some small white spots can
be found in high-magnification TEM images of a single
nanosphere (Figure 2j), suggesting the existence of abundant
hierarchical micropores. The EDS analysis demonstrates the
existence of C, N, and O elements (Figure 2k). Elemental
mapping images verify uniform elemental C, N, and O
distributions (Figure 2m).

FTIR spectra reveal the compositional evolution from URF
resins to NUCS-x-y samples (Figure S6). For URF resins,
relatively abundant surface functional groups can be observed,
including —OH groups in adsorbed H,O molecule (~3200—
3400 cm™"), carbonyl groups (~1620 cm™'), — CH, groups
(~1460 cm™), C—O—C groups (~1100—1300 cm™'), and
C—N groups (~1050 cm™'). Obviously, all these groups
presented in URF resins almost disappear in all NUCS-x-y
samples, and only two bands at ~1640 and 1260 cm™" can be
found, which are related to C=C and C—C stretching
vibration,”® respectively. Such results demonstrate the partial
removal of oxygen-containing and hydrogen-containing groups
in the pyrolysis process. The intensity of the C=C and C—C
bands gradually enhance with the increase of carbonization
temperature and time, suggesting the formation of a better
carbon skeleton. The weak —CH, stretching vibration peak can
be observed in NUCS-4—3, NUCS-5—1, and NUCS-5-2,
which indicate that the low temperature and short carbon-
ization time are not sufficient to removal all these groups.
Additionally, the weak peak at ~2200 cm™ in all UNCS-x-y
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Figure 4. Pore structure analysis. (a) N, adsorption—desorption isotherms and (b) pore size distributions of NUCS-x-3 samples. (c) The effect of
pyrolysis temperature on porosity. (d) N, adsorption—desorption isotherms and (e) pore size distributions of NUCS-5-y samples. (f) The
relationship between activation time and porosity. (g) The micropore (<1.0 nm) size distribution of NUCS-x-3 measured by CO, adsorption at 0
°C. (h) Comparison of pore structure of materials carbonized in N,. (i) The air-assisted activation mechanism analysis.
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Table 1. Pore Textural Parameters of All the As-Obtained Samples

sample Sper” (m* g'l) Smicrob (m? g_l) Sutra” (m? g_l)
NUCS-4-3 695.1 672.5 335.7
NUCS-6-3 811.3 790.1 3339
NUCS-7-3 750.3 736.9 315.7
NUCS-5-1 612.8 600.4 293.9
NUCS-5-2 645.3 626.1 349.1
NUCS-5-3 809.6 785.6 379.2
NUCS-5—4 758.5 740.9 412.8
NUCS-5-5 716.2 683.4 416.7

Viul” (em® g7 Vigero® (em®g7!) Vo (em® ™) yield (wt%)

0.31 0.27 0.10 48
0.35 0.32 0.11 25
0.32 0.30 0.09 19
0.26 0.24 0.09 61
0.28 0.25 0.10 49
0.35 0.32 0.11 36
0.33 0.30 0.12 28
0.30 0.14 0.12 24

“BET surface area. bMicropore surface area calculated using the V—t plot method. “Ultramicropore surface area calculated using the DFT method
to experimental CO, adsorption at 0 °C. “The total pore volume calculated by single point adsorption at P/P, = 0.9945. “The micropore volume
calculated using the V—t plot method. fUltramicropore volume calculated using DFT method to experimental CO, adsorption at 0 °C.

samples could be ascribed to the presence of C=N bonds.””
The transformation of the surface chemistry surroundings was
further confirmed by XPS characterization. The survey spectra
further confirm the main elemental composition of C, N, and
O in NUCS-«x-y (Figure S7), and the elemental contents of C,
N, O are summarized in Figure 3a and Figure S8. As shown in
Figure 3b, the N and O elemental contents gradually decrease
with the increasing pyrolysis temperature and time, further
testifying to the thermal removal of partial hydroxyl and
carbonyl groups in pyrolysis, which are consistent with the
results of FTIR analysis. Furthermore, it can be found that
pyrolysis temperature has a greater influence on the decrease of
N and O contents than pyrolysis time. The high-resolution O
1s spectra further analyze the bonding information on surface
oxygen species. Three main peaks can be detected at
approximately 5$31.6, 5$33.3, and 533.8 eV (Figure 3c,d),
which are assigned to the C=O0O, C—OH, and C-0O-C
groups, respectively. Quantitatively, the proportion of the C—
OH group in all NUCS-x-y samples decreases with the rise of
temperature and the increase of pyrolysis time, further
demonstrating the elimination of surface hydroxyl groups in
pyrolysis. Overall, C=0 groups have a higher proportion than
those of other oxygen species in all NUCS-x-y samples except
NUCS-5—1. Generally, the main nitrogen species doped in the
carbon framework are pyridinic-N (C=N-C), pyrrolic N
(C—NH-C), graphitic N (CN), amine (—NH,), and oxidized
N (N-0),* and the schematic diagram is depicted in Figure
S9. The high-resolution N 1s spectra reveal the presence of
four different nitrogen species located at 398.6, 400.2, 401.2,
and 402.6 eV (Figure 3e,f), corresponding to pyrrolic-N,
pyridinic-N, and amine and oxidized N, respectively.
Apparently, the proportions of pyrrolic N and amine are
dominant in NUCS-4—3 and NUCS-S-y samples. However,
the proportions of pyrrolic-N and pyridinic-N are dominant in
NUCS-6—3 and NUCS-7-3 samples, which could be ascribed
to the elimination of partial amine in high pyrolysis
temperature.”’ Such results are consistent with the reaction
process (Figure S2).

The evolution of the porous texture of NUCS-x-y samples
was evaluated by N, sorption technology. Figure 4a presents
the N, adsorption—desorption isotherms of NUCS-x-3
samples with different pyrolysis temperature. All NUCS-x-3
samples exhibit a type I isotherm, indicating a microporous
structure, and these micropores should be mainly from the
elimination of surface oxygen-containing and hydrogen-
containing groups or the pyrolysis of small molecules.
Furthermore, it can be clearly found that the N, adsorbed
amount presents a stepwise increase at the high pressure region
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of close 1.0, manifesting the existence of mesopores,32 which
could be caused by the coalescence of some micropores under
high heat energy or air-assisted activation. The high N,
adsorbed amount at a low relative pressure of less than 0.01
means a large micropore surface area, and the higher N,
adsorbed amount with the rise of pyrolysis temperature
suggests the larger micropore surface area (Table 1).
Additionally, there is an adsorption knee in all isotherms,
and the balance adsorption inflection points gradually prolongs
to the high pressure region with the increasing pyrolysis
temperature, which suggest the enlargement of some micro-
pores.” Pore size distribution can further reveal the evolution
of the pore structure. As depicted in Figure 4b, the micropores
of NUCS-4—3 mainly center at 0.47 nm, a small amount of
micropores locate at 1.18—1.27 nm, and a small amount of
mesopores are in 2.01 nm. In addition, it can be observed that
micropores of 0.64 nm begin to produce in NUCS-4-3.
NUCS-5-3 and NUCS-6—3 are still microporous, and their
micropores mainly center at 0.50 nm, and the 0.64 and 1.18—
1.27 nm of micropores obviously increase. As the pyrolysis
temperature rises to 700 °C, most of the micropores enlarge to
0.68 nm, and 1.18—1.27 nm of micropores is enlarged to 1.27—
1.46 nm. Meanwhile, the mesopores widen to approximately
3.0 nm. Such results should be ascribed to further pyrolysis and
activation under high heat energy. Figure 4c summarizes the
influence of the pyrolysis temperature on porosity. With the
increase of pyrolysis temperature, S, and S, gradually
increase and then slowly decrease, but S,., continuously
increases. High temperature can bring enough heat energy to
favor the deep pyrolysis and activation reactions, which results
in the enhancement of S, and S, Some micropores
continuously enlarge and even coalesce to form mesopores
under higher heat energy, and thus lead to the slow decrease of
Spicro and S, as well as the continuous increase of S Such
results confirms the vital role of pyrolysis temperature on the
tailoring of porosity.

Activation time is another critical parameter for tailoring the
porosity. Similar to the NUCS-x-3 samples, all NUCS-5-y also
show a type I isotherm of microporous structure (Figure 4d).
As displayed in the pore size distribution (Figure 4e), a
hierarchical pore size can be found in all NUCS-5-y samples
with dominant ultramicropores centered at 0.50—0.64 nm,
supermicropores at 1.18—1.27 nm, and also mesopores at
2.17—4.0 nm. Figure 4f depicts the relationship between the
porosity and pyrolysis time. Apparently, S.;., gradually
increases with an increase of pyrolysis time from 1 to 3 h
and then decreases as the pyrolysis time increased from 3 to S
h. S, shows a continuous increase with a slow rate after 3 h.

meso*

ultra

https://doi.org/10.1021/acsmaterialsau.4c00168
ACS Mater. Au 2025, 5, 397—-408


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.4c00168/suppl_file/mg4c00168_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.4c00168/suppl_file/mg4c00168_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.4c00168/suppl_file/mg4c00168_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.4c00168/suppl_file/mg4c00168_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.4c00168/suppl_file/mg4c00168_si_001.pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.4c00168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

as b e
15}
2 = 5
o o
] 3 w121
£ £ o
E E ]
2 2 gosr
s k] k]
o o Q
=] =] 3
o) o) g osf
[&] (&) [&]
ol 1 1 L 1 1 0.3
00 02 04 06 08 10 00 02 04 06 08 10 s Yoo, 05 05 Vo5, s, o ot
Pressure (bar) Pressure (bar) Y, T8, e Oy T8y T T8 T
6 F
c d f 5F & 015 0ar
o 5k , & = & M+ 1.0 bar :
o 7 o o 4}
e g g ‘
E E E 3t
1] Q o \ 8
2 a . 2r 110D 3
S =) =] | |
s 1 & o) /‘\
o o o 1 — | k|
! ]
0 l 1 i 1 i 1 1 1 0 1 1 1 1 1 1 0
00 02 04 06 08 10 00 02 04 06 08 10 P AP DD DO DR
Pressure (bar) h Pressure (bar) T e
g i
4t 4r
Ye D015} =
5. § p
23t . o 0.12f 5 5|
£ o E £
£ 2 E
E S 0.09} ©
22 g 3,0
-1 8006F 5
= o [
2l '../H 2 pr e .
o 5003t 01_ ¢ P —
E
" 1 1 1 1 1 1 8 000 1 1 1 1 1 1 1

0
200 300 400 500 600 700 800
Micropore surface area (m2 g-1)

04 05 06 07 08 09
Pore size (nm)

1 1 1 A A
030 033 036 039 042
N/O content ratio

1.0

Figure 5. CO, capture performance. CO, adsorption isotherms over NUCS-x-3 at 0 °C (a) and 25 °C (b). CO, adsorption isotherms over NUCS-
3-yat 0 °C (c) and 25 °C (d). (e) CO, uptake at 0.15 bar and 25 °C. (f) The comparison of CO, uptakes over different porous carbon adsorbents
at 25 °C. (g) Relationship between CO, uptake at 25 °C and surface area. Pink dot: CO, uptakes are at 0.15 bar and S,,. Green dot: CO, uptakes
at 0.15 bar and S, Blue dot: CO, uptakes at 1.0 bar and S,. Orange dot: CO, uptakes at 1.0 bar and Sy;i.,o- (h) The cumulative micropore of
<1.0 nm volume. (i) The correlation between N/O content ratio and CO, uptakes at 25 °C.

In contrast, S,., presents a sharp enhancement with an
increasing pyrolysis time. The inadequacy of heat energy at
500 °C cannot favor the complete pyrolysis reaction, and thus
ultramicropores are continuously generated with prolonging
activation time. However, some produced micropores can be
enlarged to form mesopores under air assistance, and thus
Smicro Degins to decrease as pyrolysis time increases to 3 h. The
detailed pore structure properties of all of the resultant NUCS-
x-y materials are summarized in Table 1. Based on these pore
structural parameters, it can be concluded that porosity can be
effectively tailored by tuning the pyrolysis temperature and
time under the air-assisted activation.

To further explore the porosity, micropores less than 1.0 nm
were analyzed using CO, adsorption at 0 °C with the density
functional theory (DFT) method, which provides more
information about the accessible micropores, especially
ultramicropores. Different from the micropore size distribution
measured by N, adsorption, a multiscale micropore size
distribution can be obtained in all NUCS-x-y by CO,
adsorption (Figure 4g and Figure S10). These fine micropores
contain 0.45—0.70 nm ultramicropores and 0.75—0.90 nm
supermicropores, in which ultramicropores are dominant. With
the rise of pyrolysis temperature and time, some ultra-
micropores (<0.7 nm) are enlarged to form supermicropores
(0.7—2.0 nm),* bringing the enhancement of supermicropores
proportion.
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To ascertain the pore generation mechanism in air-assisted
pyrolysis, we compare the porous structure of NUCS samples
pyrolyzed in a N, atmosphere (NUCS-x-y-r). In the absence of
air, the NUCS-5—3-r sample exhibits a typical micropore
structure with a lower surface area of 424.2 m* g™' (Figure 4h).
By comparing the pore size distribution, NUCS-5—3-r has
dominant micropores smaller than 0.5 nm without any
mesopores, which is much poorer than the multiscale pore
size distribution observed in NUCS-5-3. Prolonging the
pyrolysis time from 3 to S h in N, results in only a slight
increase in total surface area, with no changes observed in pore
size distribution except for an increased proportion (Figure
S1la,b). Similarly, when the pyrolysis temperature is elevated
to 700 °C in N,, the total surface area also exhibits a slight
increase, and only micropores of approximately 0.75 nm are
present in NUCS-7—3-r (Figure S11c,d). Based on the above
analysis results, we propose a plausible air-assisted pyrolysis
mechanism (Figure 4i), where (i) the pyrolysis of initial resins
generates numerous ultramicropores due to small molecules
release; (ii) under the assistance of an air atmosphere, some
ultramicropores further develop into micropores; and (iii) even
some micropores continuously enlarge into mesopores by the
further burning of the partial carbon skeleton with O, in air.
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In view of the well-interconnected porosity with a large
proportion of ultramicropores and rich surface functional
groups, the resultant NUCS-x-y materials are believed to be a
promising adsorbent for CO, capture. Isothermal CO, capture
investigations of NUCS-x-y were carried out at two temper-
atures of 0 and 25 °C with a pressure up to 1 bar. As depicted
in Figure Sa—d, the CO, capture capacity of all NUCS-x-y
samples continuously increase up to 1 bar pressure at two test
temperatures, which indicates that the saturation adsorption
point has not been reached, meaning the superior CO, uptake
at higher pressure. However, it is obvious that the gradients of
CO, adsorption isotherms of all materials are more
pronounced at lower pressures, while the increase trend in
CO, uptakes decelerates with further increase of pressure.
Furthermore, the CO, uptakes of all samples show a decrease
with the rise of adsorption temperature, which confirms that
the CO, adsorption is an exothermic physical adsorption
process. The CO, uptakes at different pressures and temper-
atures are summarized in Table 2. NUCS-4—3 presents the

Table 2. CO, Uptakes of NUCS-x-y at Different
Temperatures and Pressures

CO, uptake (mmol g™*)

0.15 bar, 1.0 bar, 0.15 bar, 1.0 bar,

sample 0°C 0°C 25 °C 25 °C
NUCS-4-3 1.96 3.72 1.10 2.68
NUCS-5-1 2.01 3.97 1.14 291
NUCS-5-2 2.19 4.44 1.22 3.28
NUCS-5-3 2.62 542 1.44 3.79
NUCS-5—-4 2.52 S5.18 1.34 3.61
NUCS-5-5 2.38 S5.14 1.35 3.51
NUCS-6-3 2.37 4.99 1.32 3.51
NUCS-7-3 2.27 4.66 1.29 3.34

CO, uptakes of 3.72 mmol g™" at 0 °C and 2.68 mmol g~" at
25 °C under 1 bar. With increasing pyrolysis temperature,
NUCS-5—-3 exhibits superior CO, uptakes of 5.42 and 3.79
mmol g™ at 0 and 25 °C under 1 bar, respectively, which
should be ascribed to its improved porosity. However, the
further increase in the pyrolysis temperature brings a
continuous decrease in CO, uptakes (Table 2), which could
be related to the change in porosity. After comparison, though
NUCS-6—3 has a total surface area similar to that of NUCS-
5—3, it has a lower ultramicropore surface area (Table 1),
which results in a decline in CO, uptake. Such results
demonstrate the decisive role of ultramicropores in CO,
capture. Furthermore, a similar tendency can be found
between the pyrolysis time and CO, uptakes (Figure Sc,d).
NUCS-5—4 and NUCS-5—5 have a higher ultramicropore
surface area, but they exhibit a lower CO, uptake than NUCS-
5—3, which could be attributed to their lower total surface area
or surface N functional groups contents.

The practical pressure of CO, in postcombustion flue gases
is about 0.15 bar, and thus the CO, capture capacity of
adsorbents at 0.15 bar is a vital parameter to estimate its
practical application potential. As shown in Figure Se, NUCS-
5—3 shows the largest CO, uptake of 1.44 mmol g~' at 0.15
bar and 25 °C, which could be related to its high
microporosity, especially high ultramicroporosity. NUCS-5—4
and NUCS-5-35 display a slight decline in CO, uptake at 0.15
bar, which could result from their poor surface functional
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groups. According to the above analysis, it can be concluded
that the outstanding CO, capture property should be
determined by the synergistic effect of ultramicroporosity,
microporosity, surface functional groups, and pore size
distribution. Such CO, capture capacity is comparable and
even better than those of most porous carbon-based
adsorbents (Figure 5f).>*~*

To better understand the effect of porosity and surface
functional groups on the CO, capture capacity, we further
analyze the relationship between porosity and CO, uptake in
detail. The weak positive correlations between CO, uptakes
and total surface area and total pore volume can be found
(Figure S12), which suggest that superior porosity has a
promotion on the CO, capture property, especially CO,
uptakes at 0.15 bar. According to the kinetic adsorption
mechanism, narrow micropores of less than 1.0 nm play a
crucial role for CO, capture.”**> As a result, we further analyze
the correlation of CO, uptakes and micropores surface area in
different pore size ranges (Figure Sg). Obviously, the
ultramicropore surface area and CO, uptakes at 0.15 bar
show a better correlation, and such results confirm that the
favorable pore sizes for CO, adsorption centered at ultra-
micropores of less than 0.7 nm. The cumulative ultramicropore
volume further demonstrates the decisive role of ultra-
micropores on the CO, capture property (Figure Sh and
Figure S13), and a higher ultramicropore volume usually favors
a better CO, capture capacity.

Surface chemistry also has a significant effect on the
adsorption of CO, ions, especially surface heteroatoms.
Nitrogen heteroatoms are a typical alkaline CO,-philic site,
which can bring more extra adsorption sites for capturing CO,
by acid—base interaction. However, a poor correlation is
obtained between the total N content and the CO, uptakes at
different adsorption conditions (Figure Sl4a,b). Oxygen
heteroatoms are another effective site for improving CO,
capture through hydrogen bonding or polarization.***’
Similarly, there is no specific correlation between the total O
content and CO, uptakes (Figure Sl4c,d). Furthermore, we
further evaluate the relationship between the total heteroatom
content and CO, uptakes (Figure 5i). Although there is also no
apparent correlation between the total heteroatoms amount
and CO, uptakes, the correlation between heteroatom content
and CO, uptakes at 0.15 bar is improved, which indicates that
heteroatoms could provide some contributions for selective
trapping of CO, molecules. Such results could be attributed to
the variation of porosity caused by the change of surface
heteroatoms amount. Meanwhile, surface heteroatoms indeed
play a positive role in CO, adsorption, especially when the
porosity of adsorbents is similar.

Apart from the superior CO, uptake, the high selectivity is
also vital for adsorbents to meet practical applications in
capturing CO, from the postcombustion flue gas. In general,
the flue gases contain a large number of N,. Therefore, the
superior selectivity of CO, capture over N, is essential for
adsorbents in flue gas adsorption and separation. To test the
selectivity of NUCS-x-y materials, the N, and CO, adsorption
isotherms were measured at 0 and 25 °C. As depicted in Figure
6a and Figure S15, an extremely low N, uptake was obtained in
all NUCS-x-y samples, which is much lower than that of CO,
uptake in the same adsorption condition. Such results indicate
the weak interaction of N, molecules with the surface of
NUCS-x-y, which favors the highly selective adsorption of CO,
from the flue gas. Based on the CO, and N, adsorption
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materials.

isotherms, the CO,/N, selectivity of NUCS-x-y is calculated
using the ideal adsorbed solution theory (IAST). IAST is a
well-established model for evaluating the selectivity of
nanoporous materials in binary and multicomponent gas
mixtures.*® A 15/85 (v/v) CO,/N, ratio is used for calculating
IAST CO,/N, selectivity, which simulates the practical
composition of the postcombustion flue gas. The calculated
IAST CO,/N, selectivities of NUCS-x-y are displayed in
Figure 6b,c and Figure S16. Evidently, the IAST selectivity
shows a sharp decrease in the low-pressure region and then
almost achieves a plateau at the high-pressure region, which
could be ascribed to the competitive adsorption of CO, and N,
at different adsorption sites. NUCS-4—3 exhibits an ultrahigh
CO,/N, selectivity of 160 at 0.15 bar and 25 °C, and a
satisfactory selectivity of 76 is still reached at 1.0 bar and 25
°C. Though its porosity is not best, NUCS-4—3 has the best
CO,/N, selectivity. Such results could be related to its high
surface heteroatom content, which could bring an improve-
ment in selectivity by increasing chemical interactions with
CO,, especially in low pressure region. Noticeably, NUCS-5—3
shows a comparable and even higher selectivity in the high
pressure region, which should be ascribed to its superior
porosity. It can be concluded that porosity and surface
chemistry have a synergistic effect on selectivity. Such a
conclusion can be further confirmed by comparing the
selectivity of ultramicroporous carbon spheres without surface

405

N species (Figure 6d). However, the effect of surface
heteroatoms (N and O species) on selectivity is limited, and
porosity could play a better improvement, which can be
verified by samples with similar surface N contents but poor
porosity. Benefited from the suitable surface N species and
prominent porosity, the resultant NUCS-x-y materials exhibit
ultrahigh CO,/N, selectivity, which are much higher than
those of other porous carbon-based adsorbents (Figure S17).
Such results demonstrate that NUCS-x-y materials are
promising adsorbents for gas adsorption and separation from
the practical flue gas.

The incorporation of N and O species can change the
surface chemistry environment of carbon adsorbents, which
affects the interaction between carbon surface and gas
molecules via a complex mechanism, resulting in a non-
ignorable influence on CO, capture. To reveal the interaction
strength of CO, molecules and the carbon surface and obtain a
better understanding of the CO, capture process, the isosteric
heat of adsorption (Q,;) was calculated from the isotherms at 0
and 25 °C by the Clausius—Clapeyron equation.*’ As
illustrated in Figure 6Gef, all Q, values of NUCS-x-y show a
fluctuation with the increasing CO, surface coverage and
finally achieve a plateau at a high CO, surface coverage, which
suggests the heterogeneity of the CO, capture process. At low
CO, loading, all Q,, ions display a sharp drop, which should be
due to the continuous occupancy of the optimal adsorption
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sites originating from the surface N species and ultra-
micropores. The initial Q, values of NUCS-x-y at the low
CO, coverage are in the range of 31—34 kJ mol ', which
confirms the physical adsorption process. Though NUCS-4—3
has poor porosity, it presents a higher Q,, value, which could
benefit from its largest surface heteroatom content. Moreover,
the Q, values decline with the reduction of surface N species
(Figure 6e), which should be ascribed to the strong dipole—
quadrupole interactions with CO,, bringing about the
enhancement of Q. Such results further demonstrate that
surface doping heteroatoms have an important effect on CO,
capture as efficient heterogeneous adsorption sites, which is
consistent with the selectivity. Additionally, porosity has a
great influence on Q,, values at high CO, coverage (Figure 6f),
especially ultramicroporosity, manifesting a greater contribu-
tion of narrow micropores in capturing CO,. Although a high
Qy; is essential for CO, capture, the extremely high Q,, impedes
the regeneration of adsorbents, which could greatly limit large-
scale industrial application. As a result, a moderate Q, value of
the adsorbent is more expected for CO, capture and separation
in practical applications. As depicted in Figure 6g, almost
unchanged CO, uptakes are obtained even after eight
successive CO, adsorption—desorption cycles at 25 °C,
demonstrating the excellent regeneration and stability of
NUCS-5-3. Considering the superior CO, capture behavior,
including satisfactory CO, uptake, high selectivity, moderate
Q,u, and good regeneration, the as-obtained NUCS-x-y
materials are believed to be promising adsorbents for effective
CO, capture and separation.

According to the above analysis of the CO, capture
behavior, we propose a reasonable adsorption mechanism in
NUCS-x-y, as illustrated in Figure 6h. The Langmuir model
aligns well with experimental data of the CO, adsorption
isotherm (Figure S18), which suggests that the pore-filling of
CO, molecules in NUCS-x-y is a monolayer adsorption
process. NUCS-x-y materials have a well-interconnected
hierarchical pore structure with highly proportioned micro-
pores. Ultramicropores offer decisive contributions, which are
more attractive to capture CO, molecules. Micropores of 0.7—
2.0 nm act as the secondary adsorption sites for trapping CO,.
Small amounts of mesopores can provide limited adsorption
sites, but these interconnected mesopores can facilitate CO,
molecule transport and diffusion, promoting the CO,
adsorption kinetics. Such pore filling of the CO, capture
process is a typical physical adsorption process by weak
interactions of van der Waals forces and electrostatic
interaction. Furthermore, surface O species can capture CO,
molecules through hydrogen bonding or polarization, while
surface N species enable us to bring some CO,-philic sites to
trap CO, by building acid—based interactions. As a result,
these extra adsorption sites originating from surface heter-
oatoms greatly promote CO, capture efficiency, including CO,
capture capacity and selectivity.

In summary, we report an innovative air-assisted pyrolysis
strategy for designing N-rich ultramicroporous carbon spheres
on a large scale using cross-linking urea-resorcinol-form-
aldehyde resins as precursors. We leverage porosity and the
surface chemical environment by controlling the one-step
pyrolysis process. The pore-forming mechanism of air-assisted
pyrolysis method is unveiled in detail. The resultant materials
exhibit uniform spherical morphology, well-interconnected
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hierarchical pore architecture, tailorable porosity, and adjust-
able surface heteroatom doping. Benefiting from the unique
structure property, the obtained N-rich ultramicroporous
carbon spheres present the outstanding CO, capture behaviors.
The optimal material can achieve superior CO, uptakes of 3.79
and 5.42 mmol g~" at 25 and 0 °C under 1.0 bar. Importantly,
the ultrahigh CO,/N, selectivity of 160 at 0.15 bar and 25 °C
is obtained in the optimal NUCS-4—3 sample, and a
satisfactory selectivity of 76 is still reached at 1.0 bar and 25
°C. Meanwhile, we ascertain the CO, adsorption mechanism
of NUCS-x-y adsorbents, which is a pore-filling of monolayer
physical adsorption process combining some extra relatively
strong interactions from surface heteroatoms. The satisfactory
CO, capture capacity, together with moderate Q,, ultrahigh
selectivity, and good regeneration, makes N-rich ultra-
microporous carbon spheres a promising and adaptable porous
adsorbent for postcombustion CO, capture and separation.
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