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ABSTRACT. A series of mesoporous KIT-6 supported ionic liquids were prepared and tested as effective and
practical catalysts for the synthesis of cyclic carbonates by the cycloaddition of CO, with epoxides. The effects of
type of catalysts, catalyst amount, CO, pressure, reaction temperature and catalyst stability have also been
investigated in detail, the catalyst KIT-6@ILCH;CH(OH)COO(0.6) exhibited excellent activity in good to excellent
yields, may be attributed to the synergetic effect between hydroxyl groups and lactate anion of the ionic liquid. In
addition, the supported catalyst can be easily recovered and reused for six times still with satisfactory catalytic
activity. Moreover, a general synergetic catalytic mechanism for the reaction was proposed. This work introduces a
new and highly efficient pathway to explore the supported ionic liquids for the chemical fixation of carbon dioxide.

KEY WORDS: Mesoporous KIT-6, Ionic liquid, High efficient, Carbon dioxide, Cyclic carbonates, Recyclable
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INTRODUCTION

Utilization of carbon dioxide (CO;) as a carbon building block to produce the valuable chemicals
has attracted considerable attention due to its prominent feature of abundance, nontoxicity, non-
expensive, and recyclability [1-3]. Among possible processes, the selective coupling reaction of
CO, with epoxides is promising due to both the view of 100% atomic economy and the wide
applications of cyclic carbonates products, which have widely been employed as intermediates to
produce pharmaceuticals, polymers and fine chemicals [4-6]. Thus, the chemical fixation of CO,
with epoxides for the synthesis of cyclic carbonates has attracted an immense interest, and a large
number of catalysts have been reported for the cycloaddition such as hollow marigold CuCo,04
[7], organocatalysts [8-10], metal complexes [11-13], MMFR250 [14], MOFs [15-17],
CoPc/TiO, Hybrid [18], ChI-HBD [19], and others [20-26]. Nevertheless, most of these protocols
still suffered from disadvantages such as the stoichiometric use of catalysts, harsh reaction
conditions, tedious isolation techniques, and catalyst recycle problems. In this regard, the
development novel, sustainable and efficient catalytic systems for the synthesis of cyclic
carbonates from epoxides and CO; are highly recommendable.

Ionic liquids (ILs), as a charming functional material, have found various industrial
applications in synthesis and catalysis due to their negligible vapour pressure, thermal and
chemical stability, non-flammable, nonvolatile and strong structural design prospects [27-37].
Through the functional design of anions and cations of ionic liquids, the use of ILs as catalysts in
the efficient synthesis of cyclic carbonates have been developed [38-42]. However, the isolation
of pure ILs from products and reusability has been the major issue in these processes in view of
eco-sustainability. Therefore, the immobilization of these functionalized ILs over different solid
supports to explore heterogeneous supported ILs has made the process easier through their easy
handling, thermal stability, facile isolation and reusability [43-46]. Among these solid supports,
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mesoporous silica materials offer significant advantages of large surface area, highly ordered
structure, thermal and chemical stabilities. These materials can be used as a platform for the
loading and dispersion of ILs active components, thereby increasing their catalytic activities and
have been widely utilized as supports in the case of heterogeneous catalysis [47-50]. In this work,
we wish to report the design and synthesis of a type of mesoporous KIT-6 supported imidazolium
hydrogen carbonate functionalized ionic liquids. These supported ionic liquids with different ionic
liquid concentration have been employed as recyclable and high-efficient heterogeneous catalysts
for the product of cyclic carbonates by the cycloaddition of CO, with epoxides under mild
conditions (Scheme 1). Furthermore, the recycling performance of catalyst and possible catalytic
mechanism were explored.
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Scheme 1. Catalytic cycloaddition of CO, with epoxides into cyclic carbonates.

EXPERIMENTAL
Materials and apparatus

Pluronic 123 (EO2PO7EQO,) was purchased from Sigma-Aldrich, and other reagents were of
analytical grade and used without any further purification. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDX) were carried out on a JSM-7500F electron
microscope. FT-IR spectra were recorded on a PE Fourier Transform spectrometer. Powder
X-ray diffraction (XRD) data were obtained using Ultima IV diffractometer. The
thermogravimetric analysis (TGA) was carried out on a NETZSCH STA 449 F5 at a heating rate
of 10 °C min! under nitrogen. UV-Vis spectra were recorded on a Shimadzu UV-2450
spectrophotometer. N, adsorption—desorption isotherms were recorded using a BELSORP-max
instrument and pore size distribution curves were calculated from the analysis of desorption
branch of the isotherm by the BJH (Barrett-Joyner—Halenda). '"H NMR spectra were recorded on
a Bruker 400 MHz spectrometer. Elemental analysis was recorded on a Vario Micro cube
Elemental Analyzer. GC analysis were carried out by Agilent 7890 with flame ionization detector.

Synthesis of KIT-6 supported ILs

KIT-6 was synthesized as described in literatures [48, 49]. The supported ILs were synthesized
according to literatures (Scheme 2) [43-46]. A typical procedure was as follows: sodium ethoxide
(0.4 mol), ethanol (200 mL) and 2-hydroxyimidazole (0.4 mol) were stirred at 70 °C for 8 h to
give 1. Next, (3-chloropropyl) triethoxysilane (0.4 mol) was added, and the reaction mixture was
refluxed for 24 h. After evaporating the solvent, the mixture was washed with ethyl acetate and
dried under vacuum to give 2. Subsequently, 8-chlorooctan-1-o0l (0.2 mol), and 2 (0.2 mol), and
toluene (200 mL) were stirred at 90 °C under nitrogen for 24 h, thereafter, the solvent was isolated
and dried to give 3. Then, 3 (0.1 mol), sodium lactate (0.1 mol), ethanol (70 mL) were stirred at
60 °C for 24 h, then the solvent was evaporated, the obtained residue was washed with water and
dried under vacuum to give ionic liquid 4 ILCH3;CH(OH)COO. Finally, KIT-6 (1.0 g) and 4 (x g)
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were added into a solution of dry toluene (100 mL), and the mixture was stirred and refluxed for
24 h under nitrogen. Then the resulting solid was filtered, cleansed twice with diethyl ether and
dried under vacuum for obtaining the supported IL KIT-6@ILCH3CH(OH)COO(x).
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Scheme 2. Schematic diagram of supported ionic liquids fabrications.

Catalytic synthesis of cyclic carbonates

In a typical procedure, epoxide (0.01 mol), KIT-6@ILCH3;CH(OH)COO(0.6) (0.15 g) were added
into a 50 mL stainless-steel autoclave with the stirrer, and then CO, was introduced into the
autoclave and kept for 0.7 MPa pressure after the air evacuated. The autoclave was heated to 90
°C for a desired time under vigorous stirring. Upon the completion of the reaction, the remaining
CO; was released slowly. Meanwhile, the reactor was cooled to room temperature and the product
was obtained by filtration and separation. The product was quantitatively analyzed by GC. Fresh
substrates were then recharged to the recovered catalyst and then recycled under identical reaction
conditions. All target products are known, thus they were recognized by comparison with those
of standard compounds or by '"H NMR and elemental analysis. Spectroscopic data for products is
as follows.

Propylene carbonate (Table 2, entry 1): 'H NMR (400 MHz, CDCl3, 8 ppm) 1.47 (dd, CHs,
3H), 3.98 (t, CH, 1H), 4.51 (t, CH, 1H), 4.83 (m, CH, 1H); elemental analysis for C4H¢Os: C,
47.02; H, 5.90; O, 46.97. Found C, 47.06; H, 5.92; O, 47.01.

1,3-Dioxolan-2-one (Table 2, entry 2): 'H NMR: & 4.53 (s, CH.CH,, 4H). Anal. calcd. for
C;H40s: C, 40.88; H, 4.56; O, 54.48. Found: C, 40.92; H, 4.58; O, 54.50.

4,4-Dimethyl-1,3-dioxolan-2-one (Table 2, entry 3): 'H NMR: § 1.45 (s, 2CHs, 6H), 4.23 (s,
CHa, 2H). Anal. Calcd. for CsHgOs: C, 51.69; H, 6.93; O, 41.31. Found: C, 51.72; H, 6.94; O,
41.34.

(Chloromethyl)ethylene carbonate (Table 2, entry 4): 'H NMR (400 MHz, CDCls, 8 ppm) 3.75
(dd, CH,, 2H), 4.34 (t, CH,, 1H), 4.57 (t, CH», 1H), 4.93 (m, CH, 1H); elemental analysis for
C4H;sClOs: C, 35.16; Cl, 25.92; O, 35.11. Found C, 35.19; Cl, 25.96; O, 35.15.

Hexahydrobenzo[d][1,3]dioxol-2-one (Table 2, entry 5): 'H NMR (400 MHz, CDCl3,  ppm)
1.35-1.46 (m, CH,CH,, 4H), 1.74-1.82 (m, 2CH,, 4H), 5.24 (t, 2CH, 2H); elemental analysis for
C7H100s: C, 59.12; H, 7.05; O, 33.73. Found C, 59.15; H, 7.09; O, 33.76.
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Styrene carbonate (Table 2, entry 6): 'H NMR (400 MHz, CDCls,  ppm) 4.32 (t, CH,, 1H),
4.73 (t, CH,, 1H), 5.67 (t, CHa, 1H), 7.26-7.39 (m, Ar-H, 5H); elemental analysis for CoHgO3: C,
65.82; H, 4.87; 0, 29.21. Found C, 65.85; H, 4.91; O, 29.24.

RESULTS AND DISCUSSION

XRD patterns of all samples are showed in Figure 1. Compared to the XRD pattern of pure KIT-
6, the spectra of pure KIT-6 and supported ILs are almost the same, only one broad peak appears
at about 20 = 23.4°, which is the characteristic beta zeolite structure of KIT-6 [48-50]. No typical
peaks corresponding to ionic liquids were observed, suggested that the ionic liquid species were
well-dispersed on the parent support framework. The surface morphology and elemental
composition of the supported ILs catalysts are characterized by SEM and EDX techniques. As
can be seen from the SEM image (Figure 2), the KIT-6 exhibited characteristic rock-like
morphology. After the immobilization of ionic liquid on the KIT-6 support, the typical aggregated
small spherical particles can be seen in the beta zeolite, and the particles which are aggregated
into big block constitute the Beta seed. The SEM images of KIT-6 and KIT-6 supported ionic
liquids indicated that both of them have irregular particle morphologies, which are almost
identical to the literature [48-50]. The EDX images of the supported ILs are exhibited in Figure
3, in which the corresponding elemental signals were distributed homogeneously and consistently,
indicating the successful formation of the supported ILs species as well.
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Figure 1. XRD patterns of KIT-6@ILCH3CH(OH)COO(0.2) (a), KIT-
6@ILCH;CH(OH)COO(0.4) (b), KIT-6@ILCH;CH(OH)COO(0.6) (c), KIT-
6@ILCH3;CH(OH)COO0(0.8) (d), and KIT-6 (e).

Similar results are obtained by UV—Vis characterization (Figure 4), the intensity of diffraction
peak at around 223 nm is attributed to Si-O species of KIT-6 [48-50]. Obviously, after
immobilization of ionic liquids, no significant peaks attributed to the ionic liquids particles are
found in the UV—Vis patterns, which may be owing to the well-dispersed ionic liquids particles
encapsulated in mesoporous channels of the KIT-6 support. Moreover, FT-IR spectra of the
supported ionic liquids are shown in Figure 5. The peaks in the absorption band from 3620 to
3340 cm! suggested the existence of hydroxyl stretching vibration. The peak at around 1732 cm’™!
is ascribed to the presence of C=0, and the peak at around 1093 cm™! is ascribed to the presence
of Si—O-Si. The peak observed at around 748 cm™ is ascribed to the CH, chain flexural vibration
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of lactate. The vibrations of N=N and C-N bonds of imidazole generated the observed peaks at
around 1613 cm! and 1541 cm, respectively [27-29, 43-46]. In addition, BET analysis of KIT-
6@ILCH;3;CH(OH)COO(0.6) is presented Table 1. As can be seen in the table, there is a huge
reduction in the surface area, pore volume, and the pore diameter of KIT-
6@ILCH;CH(OH)COO(0.6) after the immobilization of ionic liquid on the KIT-6 support,
thereby confirming that the pores are filled with ionic liquids nanoparticles. It should be noted
that both KIT-6@ILCH3;CH(OH)COO(0.6) and KIT-6 showed a type I'V adsorption isotherm with
a sharp condensation step and hysteresis loop, which is indicative of materials with a well-ordered
mesoporous structure (Figure 6) [48, 49].

Figure 2. SEM images of KIT-6@ILCH;CH(OH)COO0(0.2) (a), KIT-
6@ILCH3;CH(OH)COO(0.4) (b), KIT-6@ILCH;CH(OH)COO(0.6) (c), KIT-
6@ILCH;CH(OH)COO(0.8) (d), KIT-6 (e), and six times recovered KIT-
6@ILCH3;CH(OH)COO(0.6) ().
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Figure 3. EDX images of KIT-6@ILCH3;CH(OH)COO(0.2) (a), KIT-
6@ILCH;CH(OH)COO(0.4) (b), KIT-6@ILCH3;CH(OH)COO(0.6) (c), KIT-
6@ILCH;CH(OH)COO(0.8) (d), KIT-6 (e), and six times recovered KIT-
6@ILCH;CH(OH)COO(0.6) (f).
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Figure 4. UV—-Vis spectras of KIT-6@ILCH3CH(OH)COO(0.2) (a), KIT-
6@ILCH;CH(OH)COO(0.4) (b), KIT-6@ILCH3;CH(OH)COO(0.6) (c), KIT-
6@ILCH;CH(OH)COO(0.8) (d), and KIT-6 (e).
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Figure 5. FT-IR spectras of KIT-6@ILCH3CH(OH)COO(0.2) (a), KIT-
6@ILCH;CH(OH)COO(0.4) (b), KIT-6@ILCH;CH(OH)COO(0.6) (c), KIT-
6@ILCH3;CH(OH)COO(0.8) (d).

Table 1. BET surface area and pore volume of KIT-6@ILCH3CH(OH)COO(0.6) and KIT-6.

Sample Ager (m%/g)?* Vp (cm®/g)° dpin (nm)°
KIT-6 664.86 1.0965 8.1282
KIT-6@ILCH3;CH(OH)COO(0.6) 379.24 0.7319 6.8191

*Specific surface area obtained using a Brunauer-Emmett-Teller (BET) plot. *Specific pore volume. “Pore
diameter obtained using the Barrett-Joyner-Halenda method.

Initially, the catalytic synthesis of propylene carbonate by the cycloaddition of propylene
oxide with CO, was chose as the model reaction for the optimization of reaction conditions (Table
2). It can be observed that the bulk ionic liquid ILCH3CH(OH)COO or mesoporous support KIT-
6 as catalyst has low yields of propylene carbonate, which suggested that bulk
ILCH3;CH(OH)COO and mesoporous support KIT-6 were not effective catalysts for the
cycloaddition (Table 2, entries 5 and 6). In addition, when catalyst was inexistence, no product
was found even after longer reaction time of 24 h (Table 2, entry 7). In contrast, the as-prepared
supported ionic liquids with different ionic liquid concentration could promote the catalytic
process significantly, and drastic increase in the product yields and selectivities were achieved
within shorter reaction times of 3~6 h (Table 2, entries 1-4). It was found that KIT-
6@ILCH3;CH(OH)COO(0.6) demonstrated the highest catalytic performance with 97% yield and
99.6% selectivity (Table 2, entry 3). To further improve the activity, the effect of dosage of best
catalyst KIT-6@ILCH;CH(OH)COO(0.6) was studied. As shown in the table, the product yield
is sharply increased from 53% to 92% when the catalyst amount is increased from 0.02 gto 0.1 g
(Table 2, entries 8-10). After a steady growth, the product yield reaches 97% with the 0.15 g
catalyst dosage (Table 2, entry 3). However, the catalyst dosage was further increased to 0.2 g, no
obvious enhancement of product yield and selectivity were observed (Table 2, entry 11).
Therefore, the suitable ionic liquid concentration and catalyst dosage are the more important to
achieve the desired goal.
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Figure 6. Nitrogen adsorption isotherms and size distribution of  KIT-
6@ILCH;CH(OH)COO(0.6) and KIT-6.

Having found the best catalyst for the catalytic synthesis of propylene carbonate, reaction
parameters such as CO; pressure and reaction temperature were optimized. The cycloaddition was
remarkably influenced by the CO, pressure. As shown in Figure 7a, the product yield and
selectivity was increased with an increase in the CO» pressure from 0.1 MPa to 0.7 MPa, however,
no appreciable increase in the product yield and selectivity was noticed above this pressure. It was
because CO, was compressed and present in the liquid phase at pressures below 0.7 MPa, thus
resulting in improve the product yield and selectivity. At pressures higher than 0.7 MPa, propylene
oxide was present in the gaseous form, which decrease the concentration and retard the interaction
with KIT-6@ILCH3;CH(OH)COO(0.6), therefore no further improvement in the product yield and
selectivity. It clearly illustrated that 0.7 MPa is the optimum CO, pressure. Figure 7b showed that
the reaction temperature exhibited remarkable influence on the cycloaddition. The product yield
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and selectivity was increased with an increase in the reaction temperature from 40 °C to 90 °C,
however, a slight decrease in the product yield and selectivity was observed above 90 °C. It was
because both isomerization and ring opening of propylene oxide side reactions were observed at
temperature higher than 90 °C (GC analysis). Therefore, 90 °C was selected as the optimum
reaction temperature.

Table 2. Screening of catalysts for the cycloaddition of propylene oxide with CO> to produce propylene

carbonate.?
o)
5 cO, o~
o)
catalyst, 0.7 MPa, 90 °C /K/

Entry Catalyst Catalyst (g) T(‘Irl‘;e Yield (%) | Selectivity (%)°
1| KIT-6@ILCH:CH(OH)CO0(0.2) 0.15 6 81 98.6
2| KIT-6@ILCH;CH(OH)COO(0.4) 0.15 4 90 99.1
3 | KIT-6@ILCH:CH(OH)CO0(0.6) 0.15 3 97 99.6
4 | KIT-6@ILCH;CH(OH)COO(0.8) 0.15 3 93 98.8
5 ILCH:CH(OH)COO 0.2 3 73 954
6 KIT-6 0.2 12 26 89.2
7 - - 24 0 0
8 | KIT-6@ILCH;CH(OH)COO(0.6) 0.02 6 53 98.5
9 | KIT-6@ILCH:CH(OH)CO0(0.6) 0.05 5 74 98.9
10 | KIT-6@ILCH;CH(OH)COO(0.6) 0.1 4 92 99.3
11_ | KIT-6@ILCH;CH(OH)COO(0.6) 02 3 96 99.0

*Reaction conditions: propylene oxide (0.01 mol), CO2 pressure (0.7 MPa), 90 °C. “Isolated yield. ‘Calculated
by GC analysis.

The important indicator to measure the pros and cons for the design of catalyst is the stability
evaluation of the catalyst KIT-6@ILCH3;CH(OH)COO(0.6). As shown in Figure 7c, recycling
catalytic experiments over KIT-6@ILCH;CH(OH)COO(0.6) were carried out using the model
reaction under the optimized conditions. The catalyst KIT-6@ILCH;CH(OH)COO(0.6) was
casily isolated by filtration and can be used directly for consecutive runs. Remarkably, KIT-
6@ILCH;CH(OH)COO(0.6) possessed a good reusability and maintained high catalytic
performance at least six times without considerable reduction in catalytic activity. The product
yield in the six run was 90%, showing merely a 7% decrease in performance compared to the
fresh catalyst. The stability of KIT-6@ILCH3;CH(OH)COO(0.6) was also confirmed by the
thermal gravimetric analysis (Figure 7d). The first step of weight loss (3.76%) below 200 °C was
related to the removal of adsorbed water and other volatile solvent residues, whereas the main
weight loss (12.32%) from 200 to 600 °C in the second step was corresponded to degradation of
the organic moieties of ionic liquid. These observations demonstrated that the catalyst KIT-
6@ILCH;CH(OH)COO(0.6) was thermally stable below 200 °C, which was beneficial for the
recycling catalytic experiments. The recovered catalyst after six cycles has no obvious change in
morphology (Figure 2f). The EDX analysis of KIT-6@ILCH3;CH(OH)COO(0.6) after six cycles
showed the existence of expected elemental signals (Figure 3f), which indicated that the catalyst
remain stable after six cycles. The recovered catalyst after six times has no obvious change in
crystalline structure, referring to the XRD pattern in comparison with the fresh catalyst (Figure
7e). Hence, the excellent stability and reusability of KIT-6@ILCH;CH(OH)COO(0.6) made it
possible for commercial applications.
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Figure 7.(a) Influence of CO, pressure in the cycloaddition (propylene oxide 0.01 mol, KIT-

6@ILCH;CH(OH)COO0(0.6) 0.15 g, 90 °C, 3 h), (b) influence of reaction temperature
in the cycloaddition (propylene oxide 0.01 mol, CO, pressure 0.7 MPa, KIT-
6@ILCH;CH(OH)COO(0.6) 0.15 g, 3 h), (c) recyclability chart of reused KIT-

6@ILCH;CH(OH)COO0(0.6), (d)  thermogravimetric

analysis

of

KIT-

6@ILCH;CH(OH)COO(0.6), (¢) XRD patterns of the fresh and recovered KIT-

6@ILCH;CH(OH)COO(0.6).
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After having the optimized conditions in hand, we explored the generality of our developed
protocol by employing other epoxides and the corresponding catalytic activities were showed in
Table 3. The corresponding cyclic carbonates were obtained in good to high yields with excellent
selectivities (>99%) within 5 h. When the substituted group is chloromethyl, the yield of
(chloromethyl)ethylene carbonate is the highest due to the substitution of active methylene (Table
3, entry 4). The yield of hexahydrobenzo[d][1,3]dioxol-2-one is the lowest because of the high
steric hindrance of cyclohexene oxide (Table 3, entry 5).

Table 3. Cycloaddition of COz and different epoxides catalyzed by KIT-6@ILCH3CH(OH)COO(0.6).*

o)
CO,, 0.7 MPa, 90 °C O*/<
o) /K/o
R KIT-6@ILCH;CH(OH)CO0(0.6) R
Entry Epoxide Product Time (h) Yield (%)° Selz;; ;Xlty
X
O
1 /_k (o Ne! 3 97 99.6
X
0]
2 N\ o o 3 98 99.2
\/

(o]

0 J

3 (@) (0] 3 90 99.1
: e

0
0]
0—( 2 99 993

“olal A o _L_o

87 99.1

W
@]
o_ O
hg
@)
W

)

0]
0
6 ©/) W 3 93 99.2
(0]

*Reaction conditions: epoxide (0.01 mol), KIT-6@ILCH3CH(OH)COO(0.6) (0.15 g), CO2 (0.7 MPa), 90 °C.
“Isolated yield. ‘Calculated by GC analysis.

Based on the above results and relevant literatures [ 18-22], a possible catalytic mechanism is
proposed for the cycloaddition of CO, with epoxides (Scheme 3). The first step involves the
activation of epoxide by the O atom coordination with hydroxyl sites of the catalyst KIT-
6@ILCH;CH(OH)COO(0.6) for the formation of intermediate i. At the same time, the
multifunctional catalyst helps to activate CO, for the formation of the carbonate species.
Subsequently, the intermediate i adds to the less sterically hindered C atom of epoxide by
nucleophilic attack to give the intermediate ii, followed by the nucleophilic interaction to give the
intermediate iii. Finally, through intramolecular substitution of anion and the corresponding cyclic
carbonate was produced along with the regeneration of catalyst for the next cycle. The synergistic
effect of hydroxyl groups activating epoxide, imidazolium activating CO; and the lactate anion
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activating the nucleophilic attack of epoxide, which is helpful for the cycloaddition and improves
the catalytic efficiency.
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Scheme 3. Possible reaction mechanism for the cycloaddition of CO, with epoxides.

CONCLUSIONS

In conclusion, a series of mesoporous KIT-6 supported lactate-functionalized basic ionic liquids
KIT-6@ILCH3CH(OH)COO were prepared and tested as catalysts for the synthesis of cyclic
carbonates by the cycloaddition of CO, with epoxides. The experiment demonstrated that the
catalyst KIT-6@ILCH3;CH(OH)COO(0.6) possessing abundant active sites exhibited excellent
activity in high to excellent yields (87%~99%) and selectivities (>99%), may be attributed to the
synergetic effect between hydroxyl groups and lactate anion of ionic liquid. The catalyst having
full utilization of active sites can be easily recovered and reused for six times without considerable
reduction in catalytic activity. The protocol was found to be advantageous in terms of high to
excellent yields, ease of isolation and reusability of the catalyst. This study confirmed that the the
construction of synergistic catalytic active sites of mesoporous material supported ILs was a cost
effective way that not only markedly enhanced the catalytic activity but also facilitated the
operation and transport, which offered a broad application prospect in the practical application of
green and high efficient catalytic process for the chemical fixation of carbon dioxide.
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