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a b s t r a c t

Global climate change has driven the scientific community to improve the utilization of a critical C1
resource carbon dioxide (CO2) through carbon capture utilization (CCU) technology. The cycloaddition of
CO2 with epoxides provides perfect atom economy and economic feasibility to produce versatile cyclic
carbonates used in various industries. However, the stable nature of CO2 and epoxides requires highly
active catalysts. In this work, the repurpose of nitrogenous waste melamine foams (MFs) as high-
performance catalysts for the cycloaddition of CO2 was explored. The pyrolyzed MF was modified with
Cu to prepare a series of acid-base bifunctional porous catalysts (MFC-X-Cu). The results demonstrate
that the acid-base synergy of the MFC-X-Cu catalysts increases the efficiency of the cycloaddition of
various epoxides, yielding target products at 96e99% under mild conditions. Moreover, the character-
ization results revealed that the superior performance of MFC-X-Cu stems from its hollow structure and
acid-base synergy, which are derived from nitrogen species in the repurposed MF and the post-modified
copper component. The catalyst maintained consistent catalytic efficiency over five cycles, highlighting
its strong recyclability. This work presents an eco-friendly and sustainable approach towards carbon
neutrality by utilizing modified waste materials for CO2 conversion into high-value chemicals.
© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and

similar technologies.
1. Introduction

The greenhouse effect caused by carbon dioxide (CO2) is
recognized as a significant threat to global climate stability,
prompting nations to adopt carbon-neutral policies to achieve
long-term climate stabilization and sustainable development goals
[1,2]. In response, the scientific community is devoting efforts to the
implementation of carbon capture utilization (CCU) to enhance and
optimize the efficiency of CO2 utilization, thereby fostering global
climate stability [3e6]. Notably, the cycloaddition of CO2 with ep-
oxides has emerged as a key process [7e9], distinguished by its
100% atom economy and economic sustainability. Furthermore, the
resultant cyclic carbonate products are highly versatile, with
), whui@jgsu.edu.cn (W. Hui),

d, including those for text and dat
applications spanning electric vehicle batteries, pharmaceuticals,
and specialty chemicals [10,11]. However, the inherent thermody-
namic stability of both CO2 and epoxides poses significant chal-
lenges for their activation and conversion. Therefore, the
development of highly active catalysts aligned with the carbon-
neutral strategy is an up-and-coming for application of C1
resource in the present world.

In pursuit of enhanced economic returns and sustainable
progress, the repurposing of nitrogen-containing waste from nat-
ural ecosystems and human activities has emerged as an intriguing
and vital field of study for researchers. For example, biochar derived
from N-rich biomass and proteins from animals and plants is
converted through simple pyrolysis, gasification, and liquefaction
processes, and serves as catalysts or catalyst supports [12e14].
Likewise, the residual coffee grounds and tea leaves from human
consumption are repurposed into porous carbon materials through
the above process, opening up diverse applications in gas absorp-
tion, catalysis, and electrochemical energy storage [15e17].
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Meanwhile, melamine foam (MF) is recognized for its exceptional
acoustic performance, thermal insulation, and lightweight prop-
erties, making it widely employed across various industries such as
construction, transportation, electronics, and household appliances
[18,19]. However, the disposal of resulting waste materials creates a
huge environmental challenge. Notably, MF is naturally rich in ni-
trogen (N) and carbon (C), offering new opportunities for the
innovative repurposing of this material. The N-doped strategy is a
prominent approach to introducing basic sites for the modification
of carbon materials [20e22]. For example, Sun et al. have demon-
strated the effectiveness of N-doped carbon catalysts with different
groups on their surface in catalyzing the cycloaddition reaction
between CO2 and various epoxides [23]. In addition, Zhang and co-
workers synthesized N-doped carbon materials with different N
species and doping amounts and studied the electrocatalytic
reduction of CO2 in different types of N-modified carbon materials
[24]. However, the practical application of similar N-doped carbon
materials is somewhat limited by the necessity of incorporating an
additional nitrogen source. Hence, the natural advantage of MF
pyrolysis lies in its ability to produce N-rich functional carbon
materials without the need for additional N sources.

Our previous research has shown that pyrolyzed MF materials
contain multiple basic sites of weak, medium, and strong basicity,
which provide great modification environments for anchoring
metals [25]. Thus, we envision grafting Lewis acidic sites onto the
MF materials using a post-modified method to enhance their
activation ability toward the reactant substrates of epoxides and
CO2. In the realm of heterogeneous catalysis, copper-based catalyst
surfaces are frequently endowed with Lewis acidic sites, which
facilitate the catalysis of reactions with high efficiency [26e28].
Herein, the waste MF was used as catalyst support and then post-
modified with copper component to prepare a series of acid-base
porous catalysts named as MFC-X-Cu. The gas adsorption experi-
ments demonstrated that the MFC-X-Cu catalysts had equivalent
CO2 capture capacity compared to similar composites, and the
contribution analysis of adsorption capacity revealed the interac-
tion between the catalysts and CO2 molecules. Furthermore, the
structures and active sites of the catalysts were analyzed by various
characterizations, and the possible mechanism of the MFC-X-Cu
catalyzed cycloaddition reaction was proposed. In addition, the
efficiency of the catalysts in catalyzing the cycloaddition of CO2
with epoxides was investigated. The applicability and reusability of
catalysts were also evaluated. This strategy will offer a green and
sustainable pathway for CO2 utilization.

2. Experimental section

2.1. Materials

The source of MF was the flagship store of Ledian on the Alibaba
E-commerce platform. Copper (II) chloride dehydrate (AR) was
purchased from Tianjin Yongda Reagent Co., Ltd. Sodium borohy-
dride (98 wt%), styrene oxide (SO, 98 wt%), phenylglycidyl ether
(99 wt%) and tetrabutylammonium bromide (TBAB, 99 wt%) were
purchased from Shanghai Titan Technology Co., Ltd. 1,2-
Epepoxytetradecane (95 wt%) was purchased from Shanghai
Macklin Biochemical Co., Ltd. Epichlorohydrin (99 wt%) was pur-
chased from Tianjin Fuchen Chemical Reagent Co., Ltd. Allyl glycidyl
ether (99 wt%) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Tert-butyl glycidyl ether (96 wt%) was pur-
chased from Beijing J&K Technology Co., Ltd. 1,2-Epoxyhexane
(97 wt%) was purchased from Shanghai Energy Chemical Co., Ltd.
CO2 (99.99%) and N2 (99.99%) were purchased from Nanchang
Huasheng Gas Co. Ltd. All reagents were used directly without any
additional purification.
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2.2. Preparation of MFC-X-Cu materials

Scheme 1 depicts the preparation ofMFC-X-Cumaterials. Firstly,
freshMF was alternately immersed in ethanol and deionized water,
followed by ultrasonication in each solution for 30 min. This
cleaning process was repeated three times to effectively remove
grease and surface impurities. The treated MF samples were
desiccated in a blast drying oven at 80 �C for 12 h, and then cut into
small squares. Subsequently, the small squares were placed on a
quartz boat and then inserted into a tubular furnace for calcination.
The temperature was initially increased from room temperature at
a rate of 8 �C/min to 900 �C and held for 1 h. After the device cooled
to room temperature, some black sponge-like solids named as
MFC-900 were obtained, where 900 represents calcination tem-
perature. Similarly, MFC-700, MFC-800, and MFC-1000 were syn-
thesized using the same procedure. Next, 50 mg of MFC-900 was
added to 10 mL of 0.01 mol/L CuCl2$2H2O solution in a 50 mL
beaker. Then, 20 mL of 0.05 mol/L NaBH4 was slowly added drop-
wise into the beaker above and stirred for 1 h. The mixture was
subjected to solid liquid separation and then dried at 80 �C for 24 h.
Finally, the dried black sponge-like solids were crushed in a mortar
and named as MFC-900-Cu. The synthesis procedures of MFC-700-
Cu, MFC-800-Cu, and MFC-1000-Cu were as the same as the MFC-
900-Cu. In addition, catalysts including Cu-MFC-900 and Cu2O-
MFC-900 were prepared for comparison in the study. For the
preparation of the Cu-MFC-900 catalyst, 50 mg of MFC-900 was
initially submerged in a suspension of Cu powder, and the addi-
tional amount of Cu was determined based on the ICP results of
MFC-900-Cu. The mixture was then stirred for 12 h and subse-
quently dried under vacuum. A similar method was followed to
obtain the Cu2O-MFC-900 catalyst as well.

2.3. Characterizations of MFC-X-Cu materials

X-ray diffraction (XRD) analysis was performed on a Rigaku RINT-
2200 X-ray diffractometer. The device was equipped with a Cu Ka
radiation operating at 40 kV and 20 mA. The scanning parameters of
this device included a rate of 10� per minute and a scanning angle
that extended from 10� to 80�. The specific surface and pore size
distribution of samples was obtained on a Micromeritics TriStar II
3020 device. Moreover, the CO2 adsorption isotherms of MFC-X-Cu
were also tested on the Micromeritics TriStar II 3020 device, and
detailed information was supplied in the section of S1.1 in Sup-
porting Information. The morphological information of samples was
analyzed by scanning electron microscope (SEM, HITACHI S-3400N)
and transmission electron microscopy (TEM, JEOL JEM-2100). The
crystal structure of metals was analyzed by high-resolution trans-
mission electron microscopy (HRTEM, JEOL JEM-2100). X-ray
photoelectron spectroscopy (XPS) characterization was carried out
on an AXIS Supra of Kratos Analytical instrument. Fourier-
transformed infrared spectral (FT-IR) was conducted on a Nico-
let6700 FTIR spectrometer. Raman spectra of samples were collected
on a LabRAM HR spectrometer. Temperature-programmed desorp-
tion (TPD, Micromeritics Autochem II 2920) instrument was used to
analyze the acidic and basic sites of the samples in both quantitative
and qualitative terms, and detailed parameters were provided in
Supporting Information S1.2. The Cu content of samples was ob-
tained on an inductively coupled optical emission spectrometer (ICP-
OES, Agilent 720 ES). The N content and C content of samples were
analyzed on an organic element analyzer (EuroVector, EA3000).

2.4. Cycloaddition of CO2 with styrene oxide

In a typical cycloaddition reaction, 2 mmol of SO, 30 mg of MFC-
X-Cu catalyst, and 30 mg of TBAB were added sequentially in a



Scheme 1. The synthesis process of MFC-X-Cu catalysts.
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25 mL PTFE-lined autoclave reactor. Pure CO2 gas was purged into
the reactor 5 times and then kept at initial pressure of 3 bar. Next,
the reactor program was programmed to operate at a temperature
of 110 �C for 3 h with a stirring speed of 600 rpm. The liquid
products were analyzed by GC and GC-MS. The separated MFC-X-
Cu catalyst was washed with ethanol three times and dried for
the next run. Moreover, the yield and selectivity of the target
product were calculated using the equations provided below:

Yield ð%Þ¼ n2
n0

Selectivity ð%Þ¼ n2
n0 � n1

where n0: molar amount of styrene oxide before the reaction; n1:
molar amount of SO after the reaction; and n2: molar amount of
styrene carbonate after the reaction.

3. Results and discussion

3.1. Structural characterizations

SEM and TEM characterizations were conducted to obtain
detailed morphological and structural information of the catalysts.
Fig. 1a and b and Fig. S1 show that the MFC-X and MFC-X-Cu cat-
alysts are composed of intricately intertwined fibers forming three-
dimensional structures, which contribute to frameworks with high
porosity. The cross-sectional view of the branch break (encircled by
the yellow dotted line in Fig. 1b) clearly shows that the branches
have a hollow structure [29]. The enlarged section in the upper
right corner provides a detailed view of the spherical connection
points within the frameworks, which are crucial for structural
stability. In terms of the overall morphology, the loading of copper
component had no negative effect on the structure of the materials.
The TEM images of the MFC-900 and MFC-900-Cu reveal the suc-
cessful loading of Cu species in thematerial frameworks (Fig.1c and
d). Moreover, the HRTEM image of MFC-900-Cu shows discernible
lattice fringes spaced approximately 0.24 nm apart, which corre-
sponds to the (111) crystal plane of Cu2O (shown in the inset of
Fig. 1d) [30]. Furthermore, the EDS mapping images (Fig. 1eei) of
the MFC-900-Cu catalyst exhibited the uniform distribution of C, N,
O, and Cu elements.

The N2 adsorption and desorption analysis were employed to
elucidate the porous structural properties of the MFC-X-Cu cata-
lysts. Fig. 2a displays the N2 adsorption-desorption isotherms of the
catalysts, showing distinct hysteresis loops characteristic of type IV
isotherms [31]. Notably, the MFC-800-Cu, MFC-900-Cu, and MFC-
1000-Cu catalysts demonstrate significant adsorption at the low
relative pressure P/P0, primarily due to microporous filling. Ac-
cording to non-local density functional theory (NLDFT) curve
analysis (Fig. 2b), these catalysts show a pore size distribution
concentrated in the range of 1.5e2.5 nm, emphasizing their micro-
mesoporous characteristics. The specific surface area, pore volume,
and average pore size data for these catalysts are detailed in Table 1.
3

The specific surface areas of MFC-X-Cu catalysts increase with the
calcination temperature, as evidenced by the values of 59 m2/g,
298 m2/g, 431 m2/g and 502 m2/g for MFC-700-Cu, MFC-800-Cu,
MFC-900-Cu, and MFC-1000-Cu, respectively. This trend can be
explained by the substantial gas generation from the MFC during
the calcination process, leading to the development of additional
pore structures in the material matrix. Notably, this phenomenon
becomes more prominent at higher calcination temperature.
Furthermore, the average pore sizes of the MFC-X-Cu catalysts,
ranging from 2.27 to 6.48 nm, confirm the presence of mesoporous
structures in the catalysts.

The structures of MFC-X-Cu catalysts were analyzed through
XRD characterization, as shown in Fig. 3a. The XRD patterns ofMFC-
X-Cu catalysts reveal a broad peak at 2q ¼ 25.6�, indicating the
presence of amorphous carbons and a degree of disorder within the
carbon components of the catalysts [32]. Moreover, the sharp peaks
centered at 36.5�, 42.2�, 61.5�, and 73.6� are assigned to the (111),
(200), (311), (200) crystalline planes of Cu2O (PDF#05-0667),
respectively [33]. Furthermore, the peaks at 2q ¼ 50.3� and 43.2�

correspond to the Cu (111) and Cu (200) crystalline planes
(PDF#04-0836), respectively [34]. The above results corroborate
the successful integration of Cu and Cu2Owithin theMFCmaterials,
thereby confirming the adept synthesis of the MFC-X-Cu catalysts.
Meanwhile, an increase in calcination temperature leads to a
noticeable enhancement in the intensity of the crystalline peaks
associated with both amorphous carbon and copper species.

Raman analysis was employed to obtain structural information
of MFC-X-Cu catalysts by analyzing the scattered light resulting
from molecular vibrations and rotations. Fig. 3b presents the
Raman spectra of MFC-800-Cu, MFC-900-Cu, and MFC-1000-Cu.
The prominent peaks at 1314 cm�1, known as the D peaks, indicate
the presence and intensity of disordered or amorphous carbon
structures, such as defects, edges, and grain boundaries in the
materials. In contrast, the G peaks are another characteristic feature
of carbon materials in the Raman spectrum, which means the
abundance of ideally ordered graphite or graphene structures
within thematerial. The ratios of these peaks are referred to as ID/IG
and provide important insight into the defect density and degree of
graphitization in carbon materials [35]. According to Fig. 3b, the ID/
IG ratios for the three catalysts were found to be 1.17, 1.15, and 1.14,
indicating reduced defect sites and increased graphitization at
higher catalyst calcination temperatures. It's interesting to note
that the research has already focused on the critical role of defect
sites in metal-carbon materials and the degree of graphitization in
the capture and transformation of CO2 [36,37].

XPS analysis was utilized to determine the surface chemistry
of MFC-800-Cu, MFC-900-Cu, and MFC-1000-Cu catalysts. As
shown in Fig. S2, the survey spectrum identifies the presence of C,
N, O, and Cu in all catalysts. Detailed relative surface elemental
contents can be found in Table S1. Among the catalysts, MFC-
1000-Cu exhibits the lowest surface contents of Cu and N ele-
ments, with values of 1.31 at.% and 0.75 at.%, respectively. In
contrast, MFC-900-Cu shows the highest surface Cu content at
3.73 at.%, while its surface N content is comparable to MFC-800-
Cu, with values of 9.41 at.% and 9.95 at.%, respectively. It is noted



Fig. 1. SEM images of (a) MFC-900, (b) MFC-900-Cu, (c) TEM image of MFC-900, (d) TEM and HRTEM (inset) images of MFC-900-Cu, (eei) EDS mapping images of MFC-900-Cu.

Fig. 2. (a) N2 adsorption-desorption isotherms, (b) pore width curves of MFC-700-Cu, MFC-800-Cu, MFC-900-Cu, and MFC-1000-Cu catalysts.

Table 1
The structural features, elemental content, and CO2 capture capacities of MFC-X-Cu samples.

Sample SBET (m2/g) Vp (cm3/g) Dave (nm) Elemental content (wt %) CO2 uptake (mmol/g)

Ca Na Cub 0 �C 25 �C

MFC-700-Cu 59 0.03 6.48 45.75 17.45 8.47 2.19 1.47
MFC-800-Cu 298 0.12 3.09 46.05 13.81 8.73 2.21 1.79
MFC-900-Cu 431 0.13 2.45 54.65 7.59 9.56 2.69 1.95
MFC-1000-Cu 502 0.16 2.27 50.23 4.75 10.26 2.44 1.71

a The content of C and N was obtained by elemental analysis.
b The content of Cu was measured by ICP-OES.
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Fig. 3. (a) XRD patterns of MFC-X-Cu catalysts, (b) Raman spectra of MFC-800-Cu, MFC-900-Cu and MFC-1000-Cu catalysts.

F.-F. Mao, Y.-H. Dong, Y. Zhou et al. Materials Today Energy 45 (2024) 101677
that the apparent elemental content differs from the actual
elemental mass fraction (Table 1), which is related to the struc-
tural properties of the material as well as the range of the char-
acterization methods used. Moreover, Fig. 4a and b present the
XPS spectrum for Cu 2p and N 1s, respectively. In Fig. 4a, the
peaks near 932 eV and 952 eV are attributed to Cu 2p3/2 and Cu
2p1/2, respectively, and were deconvoluted for a more detailed
analysis of the results [38]. The deconvoluted peaks at 932.48 eV
and 952.29 eV are associated with Cu(0)/Cu(I) species [39].
However, the binding energies of Cu(0) and Cu(I) species overlap,
which makes it impossible to clearly identify their species via XPS
analysis alone [40]. In fact, the previous XRD patterns of MFC-X-
Cu catalysts (Fig. 3a) have confirmed the presence of Cu and Cu2O
species. Furthermore, the peaks at 934.48 eV and 954.68 eV
indicate the presence of Cu(II) species [41]. It is noteworthy that
the absence of peaks of Cu(II) species in the XRD patterns could
be due to the low crystallinity of these species. The N1s spectra
(Fig. 4b) were deconvoluted into four N species: pyridinic N
(398.23 eV), pyrrolic N (398.96 eV), graphitic N (400.87 eV), and
oxidized N (403.8 eV) [42]. The relative contents of these four N
species are listed in Table S3. The significant contribution of basic
species (pyridinic and pyrrolic N) to CO2 adsorption is well
established. The results indicate that the relative contents of
pyridinic and pyrrolic N in MFC-900-Cu and MFC-800-Cu cata-
lysts are comparably high at 59.6% and 55.5%, respectively. In
contrast, MFC-1000-Cu exhibited the lowest relative contents of
these N species, with a value of only 45.8%. The elemental content
and valence species on the surface are believed to alter the ability
of the catalysts to capture and activate CO2.
Fig. 4. XPS spectra of (a) Cu 2p and (b) N1s for MFC-8
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3.2. Interaction between CO2 and MFC-X-Cu catalysts

The CO2 adsorption capacities of the MFC-X-Cu catalysts at 0 �C
and 25 �C under 1 bar are shown in Fig. 5a and b. Table 1 gives the
maximum CO2 adsorption capacities of these catalysts under the
specified conditions. Among the tested catalysts, MFC-900-Cu
exhibited the highest CO2 adsorption capacity at 0 �C and 25 �C,
with capacities of 2.69 and 1.95 mmol/g, respectively. To further
confirm the effect of the MFC-900-Cu catalyst on CO2 molecules,
fresh and CO2-adsorbed MFC-900-Cu catalysts were analyzed by
FT-IR (Fig. S3). In the FT-IR spectra of CO2-adsorbed MFC-900-Cu,
two distinct peaks were observed at 2337 cm⁻1 and 2362 cm⁻1. The
peak at 2362 cm⁻1 is attributed to the asymmetric stretching vi-
bration of CO2 molecules weakly adsorbed on the catalyst surface.
Conversely, the peak at 2337 cm⁻1 represents a stronger interaction
between CO2 molecules and the catalyst surface [43]. In addition, it
is noteworthy that all MFC-X-Cu catalysts displayed non-linear
isothermal curves with clear inflection points at lower pressures,
which suggests that their interaction with CO2 goes beyond mere
physical adsorption [25]. To further explore this interaction,
empirical equations were used to fit the CO2 absorption isotherms
of the MFC-X-Cu materials as described in section S1.3 of the
Supporting Information. The fitted curves for MFC-900-Cu at 0 �C
and 25 �C are shown in Fig. 5c and d, respectively, with the corre-
sponding curves for MFC-700-Cu, MFC-800-Cu, and MFC-1000-Cu
presented in Fig. S4. The high goodness of fit (R2 > 0.99) of all
fitted curves to the experimental data indicates a strong correla-
tion, and the detailed parameters are provided in Table S2. Based on
the fitting results, it can be inferred that chemical adsorption is
00-Cu, MFC-900-Cu and MFC-1000-Cu catalysts.



Fig. 5. CO2 capture isotherms of MFC-X-Cu catalysts at 1 bar and (a) 0 �C (b) 25 �C. The fitted total, chemical, and physical adsorption curves of MFC-900-Cu (c) at 0 �C and (d) at
25 �C.
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predominant at low pressures (0e0.2 bar), while physical adsorp-
tion prevails as the pressure increases. These findings were
consistent with the conclusion of FTIR spectra (see Fig. S3). Notably,
the MFC-1000-Cu displayed a lower slope in the chemisorption
curves from 0 to 0.2 bar, suggesting weaker CO2 chemisorption.
This could be due to its lower contents of N and metal. In the low-
pressure range (0e0.2 bar), the MFC-700-Cu and MFC-800-Cu
catalysts adsorbed a similar capacity of CO2 as MFC-900-Cu. How-
ever, within a pressure span of 0.2e1 bar, they exhibited lower CO2
adsorption abilities compared to MFC-900-Cu. This disparity may
be attributed to the higher specific surface area of MFC-900-Cu at
431 m2/g, which exceeds that of MFC-700-Cu at 59 m2/g and MFC-
800-Cu at 298m2/g. The enhanced CO2 adsorption capacity of MFC-
900-Cu can be explained by its relatively larger specific surface area
and higher N and Cu content, demonstrating a more favorable
interaction with CO2 molecules.

The acidity and basicity strength of the MFC-900-Cu catalyst
were analyzed using CO2-TPD and NH3-TPD, as shown in Fig. 6a and
b. It is widely recognized that the number of desorption peaks
signifies the quantity of adsorbed species on a solid surface with
different adsorption strengths, while the temperatures of desorp-
tion peaks represent the adsorption strengths of these species.
Specifically, the desorption temperature intervals of chemisorbed
CO2 and NH3 are used to deduce the surface base and acid strengths
of the carriers, respectively. Fig. 6a shows that MFC-900-Cu has a
narrow peak at 119 �C and a broad peak at 363 �C, indicating the
presence of both weakly basic and moderately basic sites. This
observation aligns with the prior findings from XPS analysis [44].
6

The abundance of basic sites enhances the CO2 adsorption capacity
of the MFC-900-Cu material. Moreover, the presence of weak and
moderate-strong basic sites suggests that CO2 can be easily des-
orbed at high temperatures, which is beneficial for subsequent
recycling processes. Meanwhile, Fig. 6b reveals strong desorption
peaks at 136 �C and 340 �C, signifying the existence of two types of
acidic centers, which may be associated with the loaded Cu species.
In conclusion, the hollow structure of the MFC-900-Cu catalyst,
combined with its abundant basic and acidic sites enables highly
efficient CO2 capture and subsequent conversion.

3.3. Cycloaddition of CO2

The cycloaddition of CO2 represents a pivotal strategy for the
valorization of CO2 into value-added chemicals. In this work, the
catalyst MFC-X-Cu was employed to catalyze the cycloaddition of
CO2 with epoxides, resulting in high value-added cyclic carbonates.
The catalytic performance of various MFC-X-Cu catalysts is pre-
sented in Table 2. Owing to its exceptional CO2 capture capacity,
MFC-900-Cu was selected as a reference catalyst for the optimi-
zation of cycloaddition reaction parameters. The results indicated
that elevating the CO2 pressure from 1 bar to 3 bar led to a sub-
stantial increase in the production of cyclic carbonate, with the
yield rising from 35% to 98% (Table 2, entries 1e3). The screening of
reaction time and temperature revealed that a duration of 3 h at a
temperature of 110 �C could achieve a yield of 98% and a selectivity
of 99% for the cyclic carbonate product (Fig. S5). Furthermore, the
reduction in both catalyst and TBAB dosages by half resulted in a



Fig. 6. (a) CO2-TPD profiles and (b) NH3-TPD profiles of MFC-900-Cu catalyst.

Table 2
Catalytic cycloaddition reaction of SO with CO2 over MFC-X-Cu catalysts.a

Entry Catalysts CO2/bar Temp./�C Yield/% Selectivity/%

1 MFC-900-Cu 1 110 35 ± 1.65 98 ± 0.42
2 MFC-900-Cu 2 110 78 ± 2.05 99 ± 0.02
3 MFC-900-Cu 3 110 98 ± 0.59 99 ± 0.03
4b MFC-900-Cu 3 110 60 ± 2.86 98 ± 0.64
5c MFC-900-Cu 3 110 21 þ 3.62 97 ± 0.92
6 MFC-900 3 110 52 ± 1.73 99 ± 0.06
7 TBAB 3 110 31 ± 4.75 98 ± 0.48
8 MFC-700-Cu 3 110 62 ± 2.95 98 ± 0.59
9 MFC-800-Cu 3 110 52 ± 1.63 99 ± 0.11
10 MFC-1000-Cu 3 110 66 ± 3.84 99 ± 0.38

a Reaction conditions: SO (2 mmol), MFC-X-Cu (30 mg), TBAB (30 mg), 3 h.
b MFC-900-Cu (15 mg), TBAB (15 mg).
c With the addition of 5 mg CuCl2$2H2O during the synthesis of MFC-900-Cu

catalyst.

Scheme 2. Proposed mechanism for the chemical fixation of CO2 catalyzed by MFC-
900-Cu.
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diminished yield of 38% from the original (Table 2, entries 3, 4).
Therefore, the optimal reaction conditions for further evaluation
involve a 3h duration at 110 �C, with 3 bar of CO2, along with 30 mg
of catalysts and TBAB. The study also examined the role of the Cu
content in the catalyst. The catalytic performance was dropped to
21% when the quantity of CuCl2$2H2O in the catalyst was reduced
to 5 mg, underscoring the pivotal role of Cu species in facilitating
the CO2 cycloaddition reaction (Table 2, entry 5). In comparison, the
catalytic performance of the metal-free MFC-900 precursor was
also tested with a yield of 52% (Table 2, entry 6). According to XRD
patterns, it can be inferred that there were two kinds of Cu species
including Cu0 and Cu2O in the MFC-900-Cu catalyst. To determine
the active Cu species, Cu-MFC-900 and Cu2O-MFC-900 catalysts
were prepared with a post-impregnation method. The XRD pat-
terns of Cu-MFC-900 and Cu2O-MFC-900 indicated their successful
synthesis (Fig. S6). Moreover, the corresponding catalytic perfor-
mance of Cu-MFC-900 and Cu2O-MFC-900 catalysts are listed in
Table S4. The results showed that Cu-MFC-900, Cu2O-MFC-900, and
MFC-900-Cu catalysts displayed moderate catalytic activities at
90 �C, yielding cyclic carbonates at rates of 57%, 45%, and 53%,
respectively. Notably, a significant improvement in the catalytic
yields was observed at 110 �C, achieving 82%, 87%, and 98%,
respectively. Therefore, these catalytic results support previous
findings regarding the beneficial contribution of N and both Cu0

and Cu2O species within the catalyst framework to CO2 cycload-
dition. Additionally, the use of a single TBAB catalyst resulted in a
meager yield of only 31% (Table 2, entry 7), highlighting the
effectiveness of the MFC-X-Cu material in activating the reaction
substrate. Subsequently, the catalytic performance of MFC-700-Cu,
7

MFC-800, and MFC-1000 was evaluated under the optimized con-
ditions, with the yield of cyclic carbonates in 62%, 52%, and 66%,
respectively (Table 2, entries 8e10). Characterization studies have
implicated that the catalytic results are related to their structural
properties and the distribution of accessible acidic and basic sites. It
was concluded that the catalytic performance of the cycloaddition
is not unilaterally determined by a single competitive advantage,
such as high specific surface area, multiple metal loadings, and high
N content. Overall, the MFC-900-Cu catalyst exhibited highly effi-
cient synergistic effects for the activation of CO2 and epoxides in
cycloaddition reactions.

To gain a deeper understanding of the nature of the cycloaddi-
tion catalyzed by the MFC-X-Cu catalysts, it is crucial to explore the
mechanism of this reaction. In conjunction with previous reports
[45,46], we propose a possible mechanism for the CO2 cycloaddi-
tion reaction as depicted in Scheme 2. Initially, CO2 molecules are
adsorbed and activated by an MFC-900-Cu catalyst. At the same
time, the epoxides are activated through intermolecular forces
between their oxygen atoms and the active metal centers on the
surface of MFC-X-Cu catalysts [47,48]. Subsequently, the b-carbon
of the epoxides is attacked by nucleophiles, forming an
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intermediate bromoalkoxy compound in the presence of Br� ions.
Next, the CO2 molecules are incorporated into the intermediate
bromoalkoxy compounds, leading to the formation of alkyl car-
bonate anions, which are then converted into cyclic carbonate.
Finally, MFC-900-Cu and TBAB are continuously involved in the
catalytic cycle, ensuring that the reaction occurs efficiently and
completely.
3.4. Applicability and reusability of MFC-900-Cu

The cycloaddition of CO2 with various substrates was effectively
catalyzed by MFC-900-Cu under optimized reaction conditions. Six
epoxides with different functional groups were selected for the
cycloaddition reactions and the results are summarized in Table 3.
The results showed that substrates containing chlorine, ether,
alkenyl, or phenyl groups gave yields over 98% (Table 3, entries
1e4). Furthermore, substrates with longer carbon chains also pro-
duced target cyclic carbonate with yields above 96% (Table 3, en-
tries 5e6). These results demonstrate the significant applicability of
MFC-900-Cu for cycloaddition reactions. In addition, the catalytic
performance of MFC-900-Cu was further evaluated compared to
Table 3
Catalytic activities of various epoxides over MFC-900-Cu catalyst.a

Entry Substrate Product Yield/% Selectivity/%

1 99 99

2 99 99

3 99 99

4 98 99

5 99 99

6 96 99

a Reaction conditions: Substrates (2 mmol), MFC-900-Cu (30 mg), TBAB (30 mg),
CO2 (3 bar), 110 �C, 3 h.

Fig. 7. (a) Reusability test of MFC-900-Cu, (b) XRD pat
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other porous materials, as listed in Table S5. It is found that MFC-
900-Cu not only has notable catalytic performance but also holds
substantial potential for future applications.

In addition, the reusability of MFC-900-Cu was evaluated
through the cycloaddition reaction of CO2 and SO. As depicted in
Fig. 7a, the catalytic efficiency of MFC-900-Cu remained largely
consistent, even after five consecutive cycles. Various character-
izations such as FT-IR, SEM, N2 adsorption-desorption, ICP, and
XRD were performed on the MFC-900-Cu samples before and
after the cycling process to validate its stability (Fig. 7b and
Fig. S7). The results indicated that the morphology and structural
characteristics of MFC-900-Cu remained essentially unchanged.
Although the specific surface area of the reused MFC-900-Cu
catalyst decreased slightly from 431 m2/g to 411 m2/g, and the
Cu content decreased from 9.56 wt% to 8.95 wt%, the catalyst
exhibited good stability and reusability based on a comprehensive
analysis of the experimental results and characterizations. These
findings suggest the potential for industrial applications, which
can promote the efficient conversion of CO2 into commercially
valuable compounds.
4. Conclusion

In summary, we have successfully synthesized a series of acid-
base bifunctional catalysts (MFC-X-Cu) with hollow network
structures and used them for the efficient capture and conversion
of CO2. The N species produced under high-temperature calcination
of MF and the in-situ reduction-loaded Cu species provided both
basic and acidic centers. Among the catalysts, MFC-900-Cu showed
optimal performance in CO2 capture and conversion. The superior
catalytic activity of the MFC-900-Cu catalyst is attributed to its
unique hollow porous structure and the synergistic effects of acid-
base sites. This synergy improves the activation and subsequent
conversion of CO2 and epoxides. The FT-IR and CO2/NH3-TPD
analysis further elucidated the interaction mechanisms between
the catalysts and reaction substrate, highlighting the significant
role of the basic N species and the acidic Cu species sites. Notably,
MFC-900-Cu also exhibited good catalytic performance on the
other epoxides substrates, achieving yields of 96%e99% for the
target cyclic carbonates, indicating its good applicability. Further-
more, the MFC-900-Cu catalyst demonstrated great recyclability
and maintained consistent catalytic efficiency over five cycles
without significant loss of activity, demonstrating its potential for
practical applications in CCU. Overall, the MFC-X-Cu catalysts offer
a promising and sustainable solution for CO2 capture and
conversion.
terns of fresh and recycled MFC-900-Cu catalysts.
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