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The promotion of carbon neutrality been fueling the rapid growth of the new energy vehicle industry. However,
this expansion inevitably brings about the devilish problem of waste disposal and environmental pollution.
Melamine foam, as a typical sound insulation material for new energy vehicles, has also been considered a
valuable organic precursor in recent years due to its high carbon and nitrogen content. In this study, we reused
waste melamine foam through a simple carbonization-pyrolysis process, to obtain a series of hollow fiber hi-
erarchical porous carbon materials (MFC) with different functions. Surprisingly, the MFC materials exhibit
excellent CO, capture and conversion capability. For example, MFC-900 has a CO; capture capacity of 1.37
mmol g~ ! at 1 bar and 50 °C, which increases significantly to 5.05 mmol g~ at 1 bar and 0 °C. Additionally, the
CO> selectivity of MFC-900 material is 285 at 50 °C, outperforming comparable hierarchical porous carbon
materials. This superior performance is attributed to the unique hollow branched fiber structure and multiple
types of basic centers of MFC materials. Furthermore, the MFCs demonstrate high catalytic efficiency, facilitating
the conversion of CO and epoxides into cyclic carbonates with yield of up to 99%. Therefore, based on the
superior CO; capture and conversion performance of the MFC materials in this work, a new method of converting
waste carbon resources into functional carbon is proposed for the field of carbon neutrality.

mixtures. On the other hand, the catalysts must be characteristic of
satisfactory activity, stability, selectivity and recyclability to promote

1. Introduction

The increased carbon dioxide (CO,) concentrations have been
recognized as a major driver of climate change problems, including
global warming, glaciers melting and ocean acidification. Obviously,
these disasters will threaten human survival, and it is urgent to achieve
carbon emission reduction under the strategy for sustainable develop-
ment [1-3]. Carbon capture and utilization (CCU) is a technology that
reduces CO4 emissions by separating CO, from emission sources and
converting it into high value-added chemical products through chemical
methods, which is beneficial to both environment and economy [4-7].
One of the most important steps in the CCU is the selective capture and
activation of CO,, which involve the use of adsorbents and catalysts,
respectively. For adsorbents, high affinity, capacity, regeneration energy
and gas selectivity are necessary to separate carbon dioxide from gas

chemical reactions between CO5 and other substrates. However, most
reported CO5 capture and catalytic materials face difficulty generally,
such as the low adsorption capacity and gas selectivity, the poor cata-
lytic activity and stability, limiting the efficiency and sustainability of
CCU [8]. Moreover, CCU strategy also encounters technical, economic,
environmental and social obstacles in practical application, so it is
necessary to find more efficient, cost-effective and sustainable CCU
routes. Therefore, a groundbreaking CCU material toward excellent
activity in terms of CO, capture capacity, conversion efficiency and low
energy consumption for regeneration is particularly desirable for cur-
rent research.

In recent years, CO, capture and conversion research have made
corresponding progress in the CCU field. For CO, capture, various CO5
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capture methods have been developed, including physical and chemical
absorption, membrane separation and gas-solid adsorption [9-13].
Among them, amine-based CO, absorption system is a mature technol-
ogy widely used in power plants and industries, but it has some disad-
vantages, such as high energy consumption, equipment corrosion, and
environmental problems during post-treatment [9,14,15]. Membrane
separation has the advantages of uninterrupted operation, minimal en-
ergy consumption and compact equipment configuration, but has not
yet been fully developed and is challenging in terms of membrane
selectivity, permeability, mechanical strength, etc. [10,16] Fortunately,
the porous materials are expected to be promising CO» adsorbents, as
they could achieve the goal of high CO2 capture capacity, high CO,
selectivity and low energy consumption in regeneration [17-21].
Moreover, CO5 utilization is another important consideration for CCU,
which could convert spent carbon into working carbon, following the
circular principle of near-zero emission [6]. However, the CO5 conver-
sion process is certainly difficult, because CO5 has been proven to be a
thermodynamically stable and kinetically inert molecule, with a high
binding energy of 750 kJ mol~! (C=0 bond) and a high energy gap
between HOMO and LUMO of 13.7 eV [22,23]. This means that the one-
electron reduction of CO; is subject to very high negative redox potential
and requires external energy support in the form of heat, electricity, or
radiation as well as highly reactive substrates such as epoxides, amines,
or hydrogen for the reaction [24,25]. Therefore, suitable catalysts are
needed to overcome the kinetic barrier and improve the selectivity and
efficiency of the reaction. Heteroatom-doped porous carbon is one of the
potential catalysts, as it can activate CO5 through electron transfer to the
antibonding orbitals of COy molecules, thereby lowering the reaction
barrier.

Based on the above progress, some researchers have noticed the
development of advanced carbon materials, which realize the entire
CCU process in one step through the rational design of porous materials
with active sites [26-28]. For example, it is shown that employing
melamine as a precursor can effectively increase the amount of het-
eroatoms doped in biomass carbon materials, thus significantly
enhancing the CO, capture and/or catalytic performance [29]. How-
ever, it is worth noting that most of the reported ones have complicated
preparation methods and unsatisfactory performance. Tao et al. pre-
pared nitrogen-doped porous carbon materials by pyrolyzing N-rich
biomass materials, following economic and environmental principles
[30]. Tea waste-derived carbon materials exhibited excellent CO; cap-
ture and conversion capabilities. Similarly, researchers also used waste
products from human activities, such as coffee grounds and shrimp
shells, to produce porous carbon materials [31-33]. These materials
have exceptional features, such as high porosity, specific surface area,
catalytic activity, and thermal stability, making them suitable for CO5
capture and conversion [8,30]. The rapid increase in the number of new
energy vehicles poses new challenges to the disposal of end-of-life ve-
hicles in the future. Obviously, upcycling strategies will reuse parts of
end-of-life vehicles, thereby reducing resource waste and environmental
pollution. Melamine foam, a common material for vehicle insulation and
noise reduction, has been found to contain significant amounts of carbon
and nitrogen [34,35], and would be expected to be a potential candidate
for CCU targets.

Herein, we developed a simple technique to transform sound-
absorbing materials from new energy vehicles into hollow branched
fiber hierarchical porous carbon (MFC) materials. These MFC materials
can efficiently capture CO, with high capacity at 0/25/50 °C. Compared
to similar carbon materials, these MFC materials have multiple basic
centers and unique hollow branched fiber, which gives them significant
advantage in CO, capture and activation. To verify the application po-
tential of MFC materials in CO, conversion, we evaluated their catalytic
performance in the cycloaddition reaction of COy and epoxides. The
results showed that MFC materials could effectively catalyze the reac-
tion to prepare cyclic carbonates with yields up to 99%, thereby
demonstrating their potential as CO, conversion catalysts. Moreover, we
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investigated the chemical interaction of MFC materials on CO» and
demonstrated their advantages in practical applications.

2. Experimental
2.1. Chemicals

Melamine foam (MF) were purchased from the Ledian flagship store
on the Alibaba online platform. Tetrabutylammonium bromide (TBAB),
epichlorohydrin (99 wt%), styrene oxide (SO, 98 wt%) and glycidyl
vinyl ether (99 wt%) were purchased Shanghai Adamas Reagent Co. Ltd.
Tert-Butyl glycidyl ether (96 wt%), glycidyl phenyl ether (99 wt%), 1,2-
epoxyhexane (96 wt%) were purchased from Shanghai Macklin
Biochemical Co. Ltd. CO; gas (99.99%) and Ny gas (99.99%) were ob-
tained from Nanchang Huasheng Gas Co. Ltd. He gas (99.99%) was
obtained from Nanchang East China Special Co. Ltd. All reagents were
used as received without further purification.

2.2. Synthesis of MFC materials

In Scheme 1, the synthesis of MFC materials is achieved through
high-temperature carbonization. First, a MF was immersed in absolute
ethanol and sonicated for 1 h. The clean MF was placed in a vacuum
oven overnight to obtain dry MF, and then cut it into pieces (1.5 x 2 x
2.5 cm). Subsequently, these small pieces of MF were transferred to a
tube furnace under nitrogen atmosphere for carbonization. The tem-
perature program of the tube furnace is shown in Scheme S1. After
cooling to room temperature, a black sponge-like solid was obtained,
designated as MFC-X, where X is the carbonization temperature.

2.3. Characterizations of MFC materials

The samples were dried at 150 °C or degassed at 200 °C before
characterization. The X-ray diffraction (XRD) patterns of the samples
were obtained on an X’Pert powder diffractometer with a Cu Ka radia-
tion source of 40 kV and 40 mA at a scan rate of 5° min ! and a scanning
angle of 10-80°. Brunauer-Emmett-Teller (BET) data for the samples
were collected by Ny adsorption-desorption analysis on a Micromeritics
Tristar I 3020 instrument at —196 °C. The morphological characteristics
of the samples were characterized by scanning electron microscope
(SEM) on a HITACHI S-3400N instrument at an acceleration voltage of 5
kV. The surface valence states of the samples were analyzed by X-ray
photoelectron spectroscopy (XPS) on an AXIS Ultra DLD instrument
produced by KRATOS Analytical Co. Ltd., and the binding energy was
corrected by the Cls peak of C—C at 284.8 eV. The Fourier-transformed
infrared spectral (FT-IR) data of the samples were collected on a Spec-
trum One spectrometer. The Raman test of the samples were measured
using a LabRAM HR spectrometer with a laser wavelength of 632 nm
and a spectral resolution of 1.5 cm™!. An EA3000 elemental analyzer
was used to determine the elemental composition of the samples. The
basic sites of the samples were determined by temperature-programmed
desorption (CO,-TPD) on a Micromeritics Autochem II 2920 instrument.
The programmed temperature range was 25-800 °C, and the heating
rate was 10 °C min .

2.4. CO; cycloaddition

In a typical COy chemical fixation reaction carried out by the MFC
catalysts, SO and CO, are used as reaction substrates. Firstly, 0.24 g SO
was put into a high-pressure reactor, followed by 10 mg MFC and 10 mg
TBAB in sequence. Then, the high-pressure reactor was closed and
vacuumed for 1 h. Finally, open the air inlet valve of the device and fill it
with CO; to keep the internal pressure of the reactor constant at 6 bar.
Subsequently, the device was maintained at 110 °C for 2 h along with
stirring at 800 rpm. For qualitative and quantitative analysis of reaction
products, the products were determined by GC-MS, and the yield and
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Scheme 1. The synthesis of MFC materials through high-temperature carbonization.

selectivity of the products were assessed by GC.
3. Results and discussion
3.1. Structural characterizations

In this work, we successfully prepared reusable MFC materials from
waste foams using an economical and simple strategy. Through SEM and
TEM, the surface morphology and structural characteristics was
observed for MFC materials at the microscopic level (see Figs. 1 and S1).
The SEM images show that MFC-800, MFC-900, and MFC-1000 have
branched fibers with rough surfaces, which form interconnected three-
dimensional frameworks with rich pore structures and many pores
with a size of several microns. Besides, Fig. 1b also shows the hollow
fiber structure in the MFC-900 materials. The TEM images reconfirm the
porous structural and hollow characteristics of the MFC-900 material.
The high-resolution TEM images in Fig. 1e showed that MFC-900 has a
richer porous structure than the other two materials, and its branched
fibers exhibit thin interiors and thick edges, indicating hollow features
inside. The formation of these unique structures can be attributed to the
pyrocondensation of MFC materials during the carbonization process.
MF units gradually transform into structures containing carbon in the
form of amino groups and other functional groups. Moreover, this pro-
cess typically releases large amounts of gaseous substances, creating
additional porous structures in the frameworks [19]. The framework
nodes, which are consisted of spherical triangles, enhance the overall
stability of the frame by reducing stresses. The temperature program of
the carbonization process also influenced the structural features of the
MFC materials, as the high-temperature carbonization process triggers
complex carbonization reactions, and the formation of the porous
frameworks is affected by minor system changes, such as temperature
and heating rate.

The porous properties of MFC materials were quantitatively analyzed
and compared by low-temperature N, adsorption-desorption tests. The
Ny adsorption-desorption isotherms and calculated texture features are
summarized in Fig. 2, Fig. S2, Table 1, and Table S1. The MFC materials
have micro- and macropores, which were determined by the volume of
adsorption at relative pressures of 0 < P/Py < 0.1 and 0.9 < P/Py < 1,
respectively [27,36]. Fig. 2b shows the NLDFT curves of localized micro-

and mesopores of the MFC materials. The width of the micro-mesopores
of the MFC materials are concentrated in the range of 1.8 to 3.6 nm.
Furthermore, the NLDFT pore size distribution of MFC-900 material
shows that it has hierarchical pore properties (see Fig. 2¢). The hyster-
esis loops of N adsorption-desorption isotherms indicate the presence of
mesopores in MFC materials at 0.1 < P/Py < 0.9 [37]. Therefore, the
MFC materials have hierarchical porous structures. Apparently, the
carbonization temperature affects the specific surface area, pore vol-
ume, and pore diameter of the MFC materials. As the carbonization
temperature increases from 800 °C to 1000 °C, the specific surface area
and pore volume increase, while the pore diameter decreases. This result
suggests that selecting the appropriate carbonization temperature is an
essential step in preparation of carbon-based products. Fig. S2 depicts
the effect of heating rate (4-10 °C min’l) on the surface area of the MFC-
900 material. When the heating rate is 6 °C min~!, and then decreases
with further increase in the heating rate. This is because the heating rate
influences the carbonization and graphitization processes of MF. High
heating rate may cause the framework of the materials to collapse,
resulting in a smaller specific surface area.

3.2. Texture properties of MFC materials

Fig. 3 and Fig. S3 show the XRD and Raman patterns of the MFC
materials. Each sample displays broad diffraction peak (002) centered at
20 = 24.1°, which is common for carbonaceous materials [30]. The
broad peaks of MFC materials indicate the presence of amorphous car-
bons, which are thermodynamically metastable and lack the regular
arrangement of the crystal structure. The XRD patterns of the MFC
materials also show characteristic peaks related to crystal plane
diffraction (100) in the 43.3° region [37]. This result was expected,
because the carbonization process at relatively high temperatures does
not fully graphitize the MF. However, an increasing gradient in
carbonization temperatures enhances the degree of graphitization in
MFC material. For example, the MFC-900 material has a higher
diffraction peak intensity than the MFC-800 material, indicating a
higher level of graphitization. This means that the carbonization at
suitable temperature promotes the formation of graphite-like structures,
which enhance the gas capture and thermal stability of MFC materials.
Moreover, the carbonized MFC materials do not show any other

Fig. 1. SEM images of (a) MFC-800, (b) MFC-900 and (b) MFC-1000 samples, TEM images of (d) MFC-800, (e) MFC-900 and (f) MFC-1000 samples.
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Fig. 2. (a) The N, adsorption-desorption isotherms, (b) pore width curves of MFC-800, MFC-900 and MFC-1000 samples, (c) NLDFT pore width curves of MFC-

900 sample.
Table 1
The structural features and CO, capture capacities of MFC samples.
samples SET Vp Dave Elemental analysis CO,, uptake
m>g ™M (em®g™h) (nm) (Wt%) (mmolg
C H N Ocal 0°C 25°C 50 °C
MFC-800 152 0.03 3.48 56.6 2.4 18.4 22.6 2.31 1.97 0.97
MFC-900 292 0.11 2.59 61.3 2.5 12.5 23.7 5.05 3.25 1.37
MFC-1000 692 0.21 2.30 69.8 3.1 6.5 20.6 4.26 2.19 1.20
(a) —— MFC-800 (b) D) —— MFC-800

—— MFC-900
—— MFC-1000

Intensity (a.u.)

20 4'0 6'0 80
20 (degree)

—— MFC-900
G ——MFC-1000
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T A

800 1200 1600 2000
Wavenumber (em™)

Fig. 3. (a) XRD patterns, (b) Raman spectra of MFC samples.

prominent peaks in their XRD patterns, indicating that they are free of
impurities or crystallized carbon.

Raman spectral analysis can be used to determine the amorphous
structure of MFC materials and collect the molecular rotational and
vibrational energies of the molecules. Fig. 3b and Fig. S3b shows the
peaks assigned to the D and G bands in MFC materials, which attribute to
the stretching of the structurally defective C—C bonds on the graphite
plane and the disordered sp2 hybridized carbon, respectively [38]. The
degree of graphitization in MFC materials can be estimated by the ratio
of D-band intensity (Ip) to G-band intensity (Ig). A lower Ip/Ig ratio
indicates a higher degree of graphitization in the materials [39]. For
example, the Ip/Ig ratios of MFC-900 and MFC-1000 materials are 1.24
and 1.16, respectively, while the Ip/Ig ratio of MFC-800 material is 1.27.
This suggests that the MFC-800 material has a lower degree of graphi-
tization due to its lower heat treatment temperature, which is insuffi-
cient to induce a pronounced graphitization. On the other hand, the
MFC-1000 material has a higher degree of graphitization due to its
high-temperature condition of 1000 °C, which shows a more pro-
nounced difference compared to the MFC-800 and MFC-900 materials.
The Ip/Ig ratios of MFC materials depend on the carbonization tem-
perature. The carbonization of the carbon materials increases with the
temperature, as evidenced by the decrease in the Ip/Ig ratios.

Furthermore, some studies have shown that the degree of graphitization
plays a complementary role in CO; capture by porous carbon materials
[40,41]. Based on this, it can be inferred that the MFC materials with
higher degree of graphitization might exhibit better CO5 capture per-
formance at suitable specific surface areas and heteroatom contents.

3.3. COg capture analysis of MFC materials

The CO;, capture capacities of the MFC materials were measured with
the COy absorption isotherms at 0 °C and 1 bar (see Fig. 4a). The
chemical and physical adsorption capabilities of CO, in MFC materials
were analyzed through iterative fitting using the empirical formula (see
section S1.3 of the Supporting Information) [42]. This analysis aims to
explore the interaction between different MFC materials and CO2 mol-
ecules. The fitted curves are displayed in Figs. 4b-d, and the estimated
parameters are detailed in Table S2. The goodness-of-fit (R?) values
between fitted curves and experimental data exceeds 0.99, indicating a
good correlation. Furthermore, the roles of chemical and physical
adsorption in the CO5 capture capacity of MFC materials were also
speculated (see Figs. 4b-4d). It was observed that chemical adsorption
appeared to play a significant role in the relative pressure range of
0-0.15 bar. For the MFC-800 and MFC-900 materials, the chemical
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Fig. 4. (a) CO; capture isotherms of MFC-800, MFC-900 and MFC-1000 samples at 1 bar 0 °C, the fitted total, chemical and physical adsorption curves of CO5 on (b)

MFC-800, (c) MFC-900 and (d) MFC-1000 samples.

adsorption capacities seemingly remain constant over the relative
pressure range of 0.15-1.0 bar, while the physical adsorption capacities
increase linearly with the CO, partial pressure. Meanwhile, the isosteric
heat (Qg) results showed that the Qg values of MFC-900 material
decreased overall with the increase of quantity adsorbed (see Fig. S5).
Interestingly, it was found that in the range of 0-1.91 mmol g~ for GO
quantity adsorbed, the Qy values of MFC-900 material were above 40 kJ
mol !, which implied that strong interaction between MFC-900 material
and CO, molecules at this stage [43]. The above findings provided the
scientific basis for analyzing and understanding the contribution of
chemical and physical adsorption of MFC materials in the CO; capture
process. Under the same operating conditions, MFC-900 has the highest
CO4, capture capacity (5.05 mmol g’l) among tested MFC materials and
has the steepest slope of the chemical adsorption curve, indicating a
strong affinity for CO2. This could be attributed to the high nitrogen
content of MFC-900, which enhances the specific adsorption of CO5 by
the porous frameworks and the surface functional groups of MFC ma-
terials. The low adsorption capacity of MFC-1000, which has the lowest
nitrogen content as shown in Table 1 and Table S3, and the gentle slope
of its chemical adsorption curve support this hypothesis. However,

despite its rich nitrogen content, MFC-800 has a lower CO5 capture ca-
pacity than MFC-900, implying the influence of another factor, which
will be discussed later. The heating rate also affects the COy capture
performance of the MFC materials prepared with different heating rates,
as shown in Fig. S4. The MFC-900 sample heated at 8 °C min~! has the
optimal CO; capture performance under the same capture conditions.
The flue gas produced post-combustion has a temperature above
50 °C and a pressure around 1 bar. The choice of adsorbent is crucial for
the efficiency of the CO, capture process. Adsorbent materials that can
capture COy at high temperatures are suitable for post-combustion
capture. These materials should be cost-effective, stable, and have
rapid adsorption and desorption cycles. The adsorption isotherms of the
MFC materials were measured at 50 °C to evaluate their potential for
CO4, capture at high temperatures (see Fig. 5a). Obviously, the CO5 ca-
pacities of MFC materials follow the order: MFC-900 > MFC-800 > MFC-
1000. The MFC-900 material has a significantly higher capacity (1.37
mmol gfl) than the other two MFC materials, which can be attributed to
its hollow carbon layers and the surface dispersion of more nitrogen
species with good affinity for CO,. FT-IR was used to investigate the
interaction between CO, and the MFC materials, different CO,
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and (d) N 1s spectra of MFC-800, MFC-900 and MFC-1000 samples.

adsorption modes on the material surface produce double peaks in the
wavenumber range of 2330-2365 cm ! [44]. Saturated adsorption of
pure CO, was performed on the typical MFC-900 material and tested
under ambient conditions using FT-IR (see Fig. 5b). The load-CO3 of the
MFC-900 material showed red-shifted characteristic peaks at 2334 and
2360 cm ™!, which indicat the interaction of CO5 with the MFC materials,
and confirm the fitting analysis results of the previous CO2 uptake
curves. MFC-900 was also compared to some CO5 adsorbents reported in
the literature and the results are summarized in Table 2. Overall, MFC-
900 has a higher CO, capture capacity than many porous materials.
The XPS analysis confirm the impacts of nitrogen species present in
the MFC materials for COy capture, as shown in Fig. 5c¢ and Fig. 5d.
Clearly, Fig. 5c exhibits the C, N, and O signal peaks on the surfaces of
MFC materials, and Table S3 summarizes the relative content of these

Table 2
Comparison of the CO, uptake capacity of MFC-900 with some other adsorbents
at 1 bar.

Entry Adsorbents Temperature CO, CO,, uptake Ref.
(°C) (bar) (mmol g~1)
1 PBC-700-800 0 1 4.53 [12]
PBC-700-800 25 1 3.36
SG-C 25 1 1.51
2 SG-CN(2) 25 1 3.34 (451
3 M_800 0 1 3.90 [46]
4 HF-N-char 30 1 1.77 [47]
5 PN-3-K,CO3 30 1 2.26 [20]
0 1 4.54
6 CG600-1 25 1 3.45 [48]
0 1 5.05 .
7 MFC-900 25 1 3.25 ‘Tvll’:k
50 1 1.37

Table 3

Evaluate the catalytic activity of MFC catalysts for CO, and SO.
Entry catalyst CO, pressure Selectivity Yield

(bar) (%) (%)

1 MFC-900 4 99% 62%
2 MFC-900 5 99% 83%
3 MFC-900 6 99% 97%
4 MFC-800 6 99% 42%
5 MFC-1000 6 99% 64%
6" MEFC-900 6 99% 33%
7 none - - -

# Reaction condition: SO (2 mmol), catalyst (20 mg), TBAB (20 mg), 110 °C, 2
h.
b Reaction condition: SO (2 mmol), TBAB (20 mg), 110 °C, 2 h.

three elements. Fig. 5d displays the N 1s spectra of the MFC materials,
which are deconvoluted into four peaks corresponding to pyridinic N (N-
6), pyrrolic nitrogen (N-5), graphitic N (N-G), and pyridinic-N-oxide (N-
X) [8]. Table S2 reports the relative nitrogen species content of MFC
materials. As shown in Table S4, with the carbonization temperature
rising, the percentage of N-G species increases, while the percentage of
N-6/N-5 species decreases. The results imply that higher carbonization
temperatures are beneficial to the formation of N-G species on MFC
materials. The COy capture by MFC materials involves the chemical
adsorption dominated by N species and the physical adsorption caused
by the well-developed pore structures. The N-G species and N-5 species
have synergistic effect that improves the CO5 capture capacity of the
material. Furthermore, N-G species are not detrimental to CO5 capture.
The content of N-6/N-5 species in MFC-800 and MFC-900 materials is
comparable, but the N-G species content in MFC-900 is 1.45 times that of
MFC-800. Therefore, MFC-900 has a 1.41 times higher CO, capture
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capacity than MFC-800 at 1 bar 50 °C.

Additionally, CO,-TPD was performed to determine the basicity of
the MFC-900 material. It is generally believed that CO5 adsorbed on
weakly basic sites desorbs at low temperatures, while CO, adsorbed on
strong basic sites desorbs at high temperatures [8]. The CO5-TPD profile
of the MFC-900 material and the desorption peaks deconvoluted by the
Lorentz model are shown in Fig. 6. It can be seen that the MFC-900
material has a weak CO, desorption peak at around 126 °C, indicating
that the material contains weakly basic sites. Therefore, based on the
above phenomenon, it can be inferred that this desorption peak is
generated by weak chemical adsorption and physical adsorption of CO,
on the framework. Besides, a desorption peak with a broad profile and
strong signal is observed near 247 °C, which can be attributed to the
presence of medium-strong basic sites in the MFC-900 material. This
feature is conducive to enhancing the CO; capture capability of the MFC-
900 material. Especially, the desorption peak centered at 627 °C rep-
resents that this peak may be related to the strongly chemisorbed CO5. In
order to study this CO,-TPD profiles, the Lorentz mathematical model
was used to evaluate the desorption peaks. The colored portion of Fig. 6
shows three different desorption peaks centered at 126 °C, 247 °C and
627 °C. This means that the hollow hierarchical porous framework of the
MFC-900 material contains multiple types of basic centers with different
strengths, which is consistent with the results of the FT-IR and XPS an-
alyses. Overall, due to the structural properties of MFC-900 and the
promotion of abundant nitrogen species, the kind of basic centers are
really rich, which is positive to the high-selectivity and high-capacity
CO4, capture under higher temperature conditions.

The CO; selective capture performance of the synthesized MFC ma-
terials was tested by measuring their N adsorption capacities. Figs. 7a-c
and Fig. S6 show the Ny adsorption isotherms of the MFC materials at
0°C, 25 °C and 50 °C, respectively. The BET data indicates that the MFC
materials interacts weakly with Ny, as the N3 adsorption capacities in-
creases approximately linearly with pressure. As a result, the MFC ma-
terials adsorb much less N, than CO,. For instance, MFC-900 adsorbs
only 0.01 mmol g~! of Ny at 0 °C and 0.85 bar. This demonstrated the
potential of the MFC materials to selectively capture CO from the
combustion products of fossil fuels, which are also known to contain
high concentrations of Na.

Based on the CO5 and N3 adsorption capacities, the CO2/N; selec-
tivity of the synthesized MFC materials was predicted by using the ideal
adsorbed solution theory (IAST), with the results shown in Figs. 7d-f
[49]. Among the three MFC materials, MFC-900 obviously has the
highest CO2/Nj; selectivity at 50 °C (IAST up to 285). This is because

247 °C

Intensity (a.u.)

150 300 450 600 750
Temperature (°C)

Fig. 6. CO,-TPD profiles and Lorentz model fitting curve of MFC-900 sample.
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MFC-900 was prepared at a suitable carbonization temperature, which
gives it more active sites and more suitable porosity for strong COs
interaction, but the weak interaction with No. Moreover, the CO5/N»
selectivity of the MFC materials also varies with adsorption temperature.
As the temperature increases, the decrease in CO, adsorption amount is
smaller than the decrease in Ny adsorption amount, so the selectivity
shows a trend of first increasing and then decreasing. This is determined
by the strong interaction and structural characteristics of MFC and CO».
Furthermore, the CO, capture performance of MFC-900 was investi-
gated by measuring the breakthrough curves of COy/N; mixed gas
through the column breakthrough experiment. Fig. S7 shows the
different breakthrough behaviors of MFC-900 when it adsorbs CO2/N;
mixed gas (15/85 vol%) at 30 °C. The breakthrough curves of CO5 start
at 10-15 min g~ and then increased slowly, reach a 50 min adsorption
plateau at 80 min g}, and finally ends at 200-210 min g~ . In com-
parison, the breakthrough of Ny was much faster and complete within
20 min g~'. These results indicate that MFC-900 can selectively adsorb
CO3 from mixed gas.

3.4. Catalytic evaluation of COy conversion

The cycloaddition reaction of COy with SO is a promising way to
convert CO3 into high-value cyclic carbonates. In this study, we used the
prepared MFC materials as catalysts for this reaction. The catalytic
performance of different MFC materials are evaluated by product yield
under different conditions, as shown in Table 3. It is found that the
product yield increases from 62% to 97% as the reaction pressure
increased from 4 bar to 6 bar. Therefore, the pressure of 6 bar is selected
as the optimal reaction condition for further study. The significant dif-
ferences in catalytic activity appear for MFC-800, MFC-900 and MFC-
1000, which means that higher carbonization temperature would im-
proves the catalytic performance of MFC materials. In contrast, single-
component TBAB is almost inert to the cycloaddition reaction, indi-
cating that MFC materials effectively enhanced the activation of the
substrate in this reaction. Additionally, adsorption and conversion data
of MFC materials show a significant correlation between the total ni-
trogen content, especially N-5 and N-6, and the CO; capture and con-
version performance of MFC materials. In particular, the N-5/N-6 ratio
seems to directly influence the adsorption efficiency and catalytic ac-
tivity of the MFC materials. However, even MFC materials with a large
specific surface area can exhibit poor CO; capture and conversion if the
nitrogen content is insufficient or the distribution of nitrogen species is
poor. To conclude, nitrogen species and their content are crucial factors
for CO; capture and conversion, while the specific surface area of the
catalyst provides the necessary structural support for these processes.
Based on these results, it is inferred that MFC-900 could effectively
activate COy, and thus accelerate the reaction efficiency of the cyclo-
addition reaction.

In order to evaluate the application potential of the optimal catalyst
(MFC-900), a series of cycloaddition reactions were carried out between
CO-, and various epoxides. Five representative epoxides were employed
as substrates and performed the cycloaddition reaction under the same
conditions as before. The product yield and selectivity were detected by
GC and summarized in Table 4. It is found that MFC-900 could effi-
ciently catalyze the cycloaddition of various epoxides with CO5 into
corresponding cyclic carbonates with high yield and selectivity. Sur-
prisingly, these findings demonstrate MFC materials have excellent
catalytic performance and broad application prospects in the field of
CO4, conversion. Finally, the catalytic activity of the MFC-900 material
was compared with that of other similar porous materials, and the
comparison are results listed in Table S5. The results indicate that the
MFC-900 material has good catalytic activity, meaning it has the po-
tential to effectively convert waste carbon into working carbon.

The elucidation of the reaction mechanism is crucial for revealing the
chemical reaction process at the molecular level. Therefore, based on the
previous literature [8,33,50] and the experimental data obtained in this
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Fig. 7. (a-c) N; capture isotherms of MFC-800, MFC-900 and MFC-1000 samples at 1 bar 50 °C, (d-f) IAST selectivities of MFC-800, MFC-900 and MFC-1000 samples

for CO,/N; at 25 °C.

Table 4
Catalytic activities of various epoxides with CO, at 6 bar®.
Entry Substrate Product Selectivity Yield
(%) (%)
(0]
O 0

1 99% 99%

Cl\/ZA Cl\/k:ﬁ 0 o

0 o0’
2 CH AN 5 99% 97%
4Hyg C,Hy
o
[0]
o~
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3 ©/ e ©/0\/k/0 99% 99%
O
0]
o
4 >(0\/Ll >(o\/{:/(o 99% 99%
O 0‘(0
5 (0} 99% 97%
0 0

6 ) \/A O‘( 99% 99%

@ Reaction condition: epoxides (2 mmol), MFC-900 (20 mg), TBAB (20 mg), 110 °C, 2 h.

work, a possible mechanism for the CO5 cycloaddition reaction cata-
lyzed by MFC and co-catalyst TBAB is proposed, as shown in Scheme 2.
The first step of this reaction involves the attack of nucleophiles on the
B-carbon of the epoxides, which leads to the breaks of the C—O bond in
the three-membered ring. This process forms intermediates of bro-
moalkoxides with Br~ ions, which remains relatively stable with the
TBA' through the electrostatic interaction of the cation and anion.

Meanwhile, the active sites of the MFC catalysts efficiently activate the
CO4 molecules, which provide the basis for the subsequent cycloaddition
of CO, and bromoalkoxides. Then, the activated CO, is inserted into the
bromoalkoxides, and forms alkyl carbonate anions. These intermediates
are converted into cyclic carbonates. Upon completion of the reaction,
the MFC and TBAB are regenerated and continue to synergistically
catalyze the subsequent cycloaddition reactions.
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TBAB MFC

Scheme 2. Possible mechanism of the MFC materials catalyzed cycloaddition
of CO, and epoxides.

The application potential of the MFC-900 material as a CO2 adsor-
bent was also evaluated, which was carried out 0 °C and 1 bar, with
desorption conditions of 120 °C and ~0.1 kPa, and a degassing time of 2
h. Fig. 8a shows the CO; capture of the MFC-900 material at the number
of cycles. The results demonstrate that the MFC-900 material has high
capture stability and reversibility, as its CO, capture capacity only drops
slightly from 5.05 mmol g~ ! in the fresh sample to 4.97 mmol g~ ! in the
fifth cycle. Fig. 8b illustrates that the MFC catalyst still maintains an SC
product yield of >96% after five consecutive cycles, indicating its good
stability and recyclability. The MFC catalyst can effectively catalyze the
cycloaddition of CO, with SO to generate SC as the only product. This
provides a highly efficient, low-cost and eco-friendly strategy for the
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CCU field.

FT-IR analysis of the cycled and fresh samples (Fig. 8c) shows that
MFC-900 material structure is stable. The infrared spectra of the cycled
sample are consistent with that of the fresh sample, indicating that there
are no significant changes or peak disappearances, which suggests
structural stability. Moreover, the recycled MFC-900 material exhibits a
similar crystal structure to that of the fresh MFC-900, as shown in
Fig. 8d. This indicates that the MFC-900 material did not undergo any
major structural changes during the cycling experiments. Therefore,
MFC-900 material has good cyclic performance and structural stability,
and is expected to be an efficient CO4 adsorbent in the industrial field.

4. Conclusion

In summary, we successfully convert the waste foam into multi-
functional hollow porous materials demonstrating excellent CO; capture
and conversion performance. MFC materials are featured by high ni-
trogen content and unique hollow branched fiber structures. These
features are proven especially beneficial for CO; capture and conversion
applications. The MFC-900 material is particularly notable for its CO5
capture capacity of 5.05/1.37 mmol g*1 at 1 bar and 0/50 °C conditions,
and it has excellent catalytic activity for COy cycloaddition. Impres-
sively, the cycloaddition reaction yields of various epoxides reach
97-99%. The robustness of these materials further demonstrates their
ability to maintain performance over multiple adsorption/desorption
and reaction cycles, indicating great potential for practical applications
in CO4 capture and conversion processes. Therefore, the development of
MFC materials from waste foam provides an exciting and eco-friendly
solution for CO, capture and conversion, while it offers a promising
approach for both waste management and environmental sustainability
at the same time.
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Fig. 8. Reusability of MFC-900 sample for (a) CO, capture and (b) conversion, (c) FT-IR and (d) XRD of fresh and recycled MFC-900 sample.
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