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ABSTRACT: The cycloaddition reaction of CO, with epoxide not
only effectively reduces the concentration of CO, in the
atmosphere, but also has excellent industrial application value
and up to 100% atom utilization, but there are difficulties in
separation and recovery of traditional homogeneous catalysts,
harsh reaction conditions of traditional heterogeneous catalysts,
and activation of CO, molecules. In this paper, an easily
synthesized heterogeneous catalyst CeNCI/C was used to
catalyze the cycloaddition reaction of CO, with styrene oxide,
with a high yield of 92.7%, a high selectivity of 96.7%, a turnover
numbers (TON) value of 349, and a good stability demonstrated
in six cycle tests (equivalent to 216 h of testing). Through
comprehensive studies, it was shown that CeNCI/C contains
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Lewis acid-base centers as active centers, which can effectively reduce the energy barrier required for ring opening of the
reaction substrate, enhance the adsorption and activation of CO,, and promote the formation of intermediates, which led to

the acquisition of excellent catalytic activity.

KEYWORDS: CO, cycloaddition, heterogeneous catalysis, CeNCl, Lewis acid/base

1 Introduction

As a major component of exhaust gases from fossil fuel
consumption, excessive CO, emissions exacerbate the greenhouse
effect and pose a serious threat to ecosystems [1, 2]. Synthesis of
high-value-added chemicals with CO, has the potential to control
carbon dioxide emissions and reduce dependence on fossil
resources. One of the most effective strategies for CO, conversion is
the cycloaddition reaction between CO, and epoxides to generate
cyclic carbonates [3]. From the point of view of green and
sustainable chemistry, cycloaddition reactions have a broad and
vital industrial application value since this transformation pathway
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not only makes 100% atom utilisation but also generates cyclic
carbonates, which are essential intermediates in pharmaceuticals
and fine chemicals, components of battery electrolytes, precursors
of polycarbonate materials and polar solvents that are inert to
protons [4-8]. However, the CO, molecule is very stable (the
standard formation Gibbs free energy (AGy) = 394.228 kJ-mol™) and
the C atom therein is at its most stable valence (IV) [9]. Therefore,
the conversion of CO, to other products requires the use of
catalysts and highly reactive co-reactants. A large number of
catalysts have been developed for CO, cycloaddition reactions,
including homogeneous and heterogeneous catalysts [10-12].
Homogeneous catalysts include ionic liquids, metal complexes and
porous polymers [13-16]. However, the synthesis complexity,
separation and recovery difficulty, harsh reaction conditions and
expensive monomers of homogeneous catalysts have limited their
large-scale industrial applications [10, 17, 18]. In comparison,
heterogeneous catalysts (e.g., molecular sieves, metal-organic
skeletons and mesoporous oxides) usually have stable structures,
which can effectively overcome the problems of difficult separation
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and recovery of homogeneous catalysts and are expected to be
industrially available, but they usually require appropriate high
temperature and high pressure (> 120 °C and 3 MPa) to drive the
reactions [19-22]. Therefore, taking into account energy and cost, it
is necessary to develop green technology to synthesise easily
separated heterogeneous catalysts to promote the cycloaddition
reaction between CO, and epoxides under mild reaction
conditions.

The general mechanism of the cycloaddition reaction catalyzed
by acid-base bifunctional catalysts is well known. The ring-opening
of epoxides involves the adsorption of reactants and the cleavage of
the C-O bond [23]. Among them, the Lewis acid can coordinate
with the O atom in the epoxy ring to decrease the energy barrier for
ring opening and at the same time form a good leaving group to
accelerate the breakage of the C-O bond [24, 25]. In addition, the
Lewis base can activate the CO, molecule [26]. Therefore, catalyst
systems in which Lewis acid and Lewis base coexist can effectively
promote the reaction. CeO, is a cheap and readily available metal
oxide that possesses both Lewis acid and base sites and exhibits
good catalytic activity for CO, cycloaddition reactions [27, 28].
However, existing CeO,-based catalysts for CO, cycloaddition
reactions typically require high temperatures over 150 °C and high
pressures above 5 MPa [29, 30]. Therefore, we envisage further
reducing the energy required during the reaction by adjusting the
strength of the Lewis acid-base sites in the cerium-based catalysts.

In this work, we obtained carbon-supported CeNCl (CeNCI/C)
by ball milling-calcination method. Subsequently, we applied
CeNCl/C to the cycloaddition reaction of styrene oxide (SO) and
CO, and achieved a 92.7% yield of styrene carbonate (SC) with
96.7% selectivity and a turnover numbers (TON) value of 349. Even
more impressive is that after 216 h of 6-cycle testing, it maintained
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90% of the initial SC yield. The CeNCI/C material has both Lewis
acid-base active centers, which improves the ability to trap CO, and
activate styrene oxide. Also, it exhibits a stable chemical structure
and excellent catalytic performance, which has great potential for
application and provides an idea for designing and developing
heterogeneous catalysts for efficiently utilising CO,.

2 Results and discussion

2.1 Synthesis and characterization

The schematic diagram of CeNCI/C catalyst preparation by ball
milling-calcination method is shown in Fig. 1(a). Firstly, anhydrous
CeCl; was homogeneously dispersed on chitosan carriers by ball
milling. Then, the mixture was calcined under N, at 800 °C for 2 h
to obtain black powder. The same procedure synthesized CeO,/C
and C carriers unloaded with Ce species. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
images were used to observe the morphology of these as-prepared
catalysts (Figs. S1 and S2 in the Electronic Supplementary Material
(ESM)). There is no noticeable difference in the morphology of the
catalysts. High-resolution TEM (HR-TEM) images show a uniform
comparative distribution of CeNCl on the carbon carrier in
CeNCl/C, the lattice fringes of 0.29 nm could be attributed to the
(110) crystal planes of CeNCI (Figs. 1(b) and 1(c)), which was also
confirmed by the selective area electron diffraction (SAED) image
(Fig. S3 in the ESM). CeO, in CeO,/C is distributed as
nanoparticles on the carrier and HR-TEM images show a lattice
stripe of 0.191 nm, corresponding to the (220) crystal plane of CeO,
(Figs. 1(e) and 1(f)). The energy-dispersive X-ray (EDX) element
mapping of CeNCI/C and CeO,/C exhibited that Ce, N, Cl and Ce,
O elements are each uniformly distributed (Figs. 1(d) and 1(g)).

= A

N

St f 4 2 % i 28 21
Figure1 Synthesis process and morphological characterizations. (a) Schematic illustration of the synthetic process of the CeNCI/C. (b) TEM image, (c) HR-TEM image,
and (d) the corresponding element mapping images of CeNCI/C. (e) TEM image, (f) HR-TEM image, and (g) the corresponding element mapping images of CeO,/C.
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The X-ray diffraction (XRD) pattern in Fig. 2(a) of CeNCl/C and
CeO,/C shows sharp peaks at 12.9° 25.4° 30.9° and 34.2° in
CeNCl/C, corresponding to the (001), (101), (110) and (102) planes
of CeNCl (PDF #49-1578) [31]. Similarly, the presence of three
peaks at 28.5°, 33.1° and 47.4° in CeO,/C correspond to the (111),
(200) and (220) planes (PDF #34-0397). To elucidate the surface
and composition of the catalysts, we performed X-ray
photoelectron spectroscopy (XPS) measurements. Figure 2(b)
shows the XPS Ce 3d spectra of CeNCI/C and CeO,/C. The Ce 3d
spectral peaks are fitted into 8 peaks according to their binding
energies, corresponding to Ce 3ds;, and Ce 3d;,. Among them, V’
(885.1 eV) and U’ (905.1 eV) represent a Ce 3ds, peak and a Ce
3d;), peak in the Ce 3d XPS spectrum are attributed to Ce** while
others correspond to Ce* [32, 33]. The calculated surface Ce*
concentration of CeNCI/C is 77.5%, which is much higher than that
of CeO,/C (64.1%) (Table S2 in the ESM), indicating that more Ce
species in CeNCI/C exist as the more Lewis acidic Ce*. The N 1s
spectrum in Fig. 2(c) contains peaks at 398.0, 399.5 and 400.5 eV,
originating from pyridinic N, pyrrolic N and graphitic N [34, 35].
The content of pyridinic N that can be used as a Lewis base site in
CeNCl/C and CeO,/C is 32.34% and 26.11%, respectively. In
addition, the Cl 2p spectrum of CeNCIl/C shows that the Cl element
exists in the lattice CI" (Fig. S5 in the ESM). The Raman spectra of
CeNCl/C and CeO,/C have two unique peaks at around 1350 cm™
(D band) and 1590 cm™ (G band), and their intensities are
represented by I, and I; respectively. The intensity ratio of these
two peaks (Ip/I;) for CeNCI/C (0.98) was higher than that of
CeO,/C (0.82), suggesting that the CeNCI/C possessed more defects
than the CeO,/C (Fig. 2(d)) [36]. The surface area and pore
characteristics of CeNCl/C and CeO,/C were determined by N,
adsorption/desorption and the results are shown in Fig. S6 and
Table S4 in the ESM. CeNCI/C and CeO,/C showed type-IV N,
adsorption—desorption isotherm, indicating their mesoporous
properties. The Brunauer-Emmett-Teller (BET) surface areas of

CeNCl/C and CeO,/C were 18.13 and 15.12 m*g", respectively, but
their pore size distributions and pore volumes were close.
Therefore, CeNCl/C may be more favorable than CeO,/C for
improving mass diffusion.

2.2 Catalytic performance

Among various cyclic carbonates, SC generated by the
cycloaddition of SO and CO, has attracted widespread attention,
with the market capitalization of SC approximately 120 times that
of SO [37]. We evaluated and compared the catalytic activity of the
catalysts for the formation of SC from SO wusing N,N-
dimethylformamide (DMF) as solvent and tetrabutylammonium
bromide (t-TBAB) as co-catalyst. The effects of temperature, CO,
pressure and catalyst dosage on the reaction were investigated to
optimise the reaction conditions. The effect of temperature is
relatively significant. The yield increased rapidly from 6.7% to
38.1% after 12 h of reaction as the temperature increased from 70 to
80 °C and the highest yield was reached at 100 °C. When the
temperature is 110 °C, the yield shows a downward trend because
the target product’s selectivity decreases (Fig. S7(a) in the ESM). A
similar trend was observed for the pressure of CO,. The yield at the
initial pressure of 1.0 MPa was more significant than that at
0.5 MPa and atmospheric pressure was close to that at 1.5 MPa.
However, the yield and selectivity decreased at an initial reaction
pressure of 2.0 MPa, which was attributed to the promotion of the
reaction by-products after increasing the pressure (Fig. S7(b) in the
ESM). In addition, when the mass of the catalyst was increased in
the range of 0-50 mg the yield continued to increase, but when the
mass reached 75 mg, a decrease in the reaction yield was observed.
This may be because the excess catalyst is not conducive to mass
transfer during the reaction (Fig. S7(c) in the ESM). Additionally,
the other types of solvents and quaternary ammonium salts were
also studied and compared (Figs. S7(d) and S7(e) in the ESM).
Therefore, 50 mg of CeNCl/C was used for further reactions under
relatively mild conditions of 100 °C and 1.0 MPa CO,.
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Figure2 Structural characterizations. (a) XRD spectra, (b) Ce 3d, (c) N 1s and (d) Raman spectra of CeNCl/C and CeO,/C samples.
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Figure3 Catalytic performances. (a) SC yield and selectivity of CeNCI/C after reacting for 36 h, (b) SC yields of CeNCl/C and CeO,/C for different reaction times, (c) SC
yields of CeNCI/C at different cycles each for 36 h. (d) XRD spectrum, (e) HR-TEM image, and (f) the corresponding element mapping images of CeNCI/C after cyclic
expriments. (g) and (h) First order reaction rate plots and (i) Arrhenius plots for CeNCI/C and CeO,/C at 100 °C (red), 90 °C (blue) and 80 °C (grey).

Figure 3(a) shows the time dependence of yield and selectivity in
CeNCl/C-catalyzed cycloaddition of CO,. After 36 h of reaction, the
yield of CeNCl/C reached 92.7%, the SC selectivity was 96.7% and
the TON value reached 349, indicating its excellent catalytic activity
for CO, cycloaddition. As shown in Fig. 3(b) and Fig. S8 in the
ESM, the yield of CeNCl/C was much higher than those of CeO,/C
(59.1%) and C carrier (17.3%) under the same experimental
conditions and there was almost no cycloaddition reaction
occurring in the absence of catalysts and co-catalysts. Furthermore,
in the absence of CeNCI/C or t-TBAB, the target product was
reduced, suggesting that both are necessary for the CO,
cycloaddition reaction. The catalytic activity of CeNCI/C is also
better than most previously reported catalysts (Table S6 in the
ESM). One of the biggest advantages of heterogeneous catalysts is
the ease of separation and recovery from the reaction mixture.
Therefore, we further studied the recovery and recyclability of
CeNCI/C. After a cycle of 36 h reaction at 100 °C, the catalyst was
recovered, washed, dried and then mixed with fresh SO and DMF
for subsequent reaction cycles. As shown in Fig. 3(c), it can
maintain more than 90% of the initial catalytic yield after 6 cycles
(equivalent to 216 h of testing). The crystal structure and
morphology of CeNCI/C remained well maintained after 6 cycles
(Figs. 3(d)-3(f)). The proportion of Ce* in the catalysts can also be
maintained stably after the reaction (Fig. S9 and Table S7 in the
ESM), indicating that the CeNCI/C is structurally stable and has
good recyclability in the reaction of CO, with SO. Furthermore, we
demonstrated the ability of CeNCI/C to catalyze the cycloaddition
of CO, with other epoxides (Table 1) and most epoxides could be
converted to the corresponding cyclic carbonates with high yields,

Nano Research, 2025, 18, 94907028
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Table1 Cycloaddition of CO, with various epoxides*

Entry Epoxide Product Yield TON
o) o]
1 ©/u @/‘d{o 92.65% 349.3
0 EL
2 A a o 96.7% 5418
AN
Cl
. L
3 o 96.5% 601.8
AN d L
o [e]
4 A O\}j)\/ 89.4% 4484
O,
5 (}o (X = 85.8% 364.5
(¢}
6 @.0/_4) oA, 57.1% 279.3
o O
7 ] 92.0% 440.7
Qv ?:X o
8 ﬁ\/o\ Oj;")_/"‘ 92.8% 439.1
79.5% 509.5

o
o
’ %OH O»\\JO\/OH

‘Reaction conditions: 2.5 mL epoxide, 1 MPa CO,, 100 °C, 36 h, 50 mg
catalyst, 5 mg TBAB. "Data were acquired based on gas chromatography-
mass spectrometry (GC-MS) analysis.
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suggesting that the ability to catalyze this type of reaction is
universal. Notably, under the same reaction conditions, higher
yields of carbonate products can be obtained from small-sized
epoxides compared to larger epoxides, which may be due to the
spatial site-barrier effect of the large-sized substituents [38]. To
further study the different catalytic efficiencies of CeNCI/C and
CeO,/C, the kinetics of the cycloaddition reaction of SO and CO,
were studied at 80, 90 and 100 °C (other conditions unchanged). As
shown in Figs. 3(g)-3(i), the catalytic activities of CeNCl/C and
CeO,/C increase with the reaction temperature increase. At the
same reaction temperature, the reaction rate of CeNCI/C is at least
2.4 times that of CeO,/C. Based on the above kinetic results, the
activation energies of various catalysts were further calculated using
the Arrhenius equation [39]. As shown in Fig. 3(i), the activation
energy of CeNClI/C is 3823 kJ-mol’, much lower than the
activation energy of CeO,/C (52.68 kJ-mol™). These results also
show CeNCI/C has higher energy efficiency than CeO,/C.

2.3 Reaction mechanism

NH;-TPD (TPD: temperature programmed desorption) and CO,-
TPD further confirmed the Lewis acid-base active sites in the
catalyst. For Lewis acid/base sites, the desorption peaks can be
divided into weak, intermediate and strong sites, corresponding to
desorption temperatures at < 473 K, 473-673 K and > 673 K, in
that order [40, 41]. The CO,-TPD results are shown in Fig. 4(a), the
intensity of the CO, adsorption peaks on CeNCI/C are greater and
shift to a higher temperature, indicating that the proportion of
strong Lewis base sites in CeNCl/C increases significantly compared
with CeO,/C. Similar adsorption differences were also observed in
NH,-TPD measurements (Fig. 4(b)), indicating a higher density of
Lewis acid sites in CeNCI/C. This is consistent with the Ce 3d XPS
results of the catalyst. Therefore, we speculate that pyridinic N and
Ce* in CeNCI/C serve as Lewis acid/base sites respectively, making

(a)

—— CeNCIIC
= Ce0,/C
e
L}
=
wn
o
O
E
100 200 300 400 500
Temperature (°C)
(c)
—=—CeNCI/C
40 { —s—ce0,/C

CO, uptake (cm®g™")

0 T T T
0.00 0.01 0.02 0.03
PPy

CeNCl/C more conducive to promoting the CO, cycloaddition
reaction [42—44]. Another critical factor affecting the performance
of CO, cycloaddition is the adsorption capacity of the catalysts for
CO,. We tested the CO, adsorption isotherms of CeNCl/C and
CeO,/C (Fig. 4(c)) and the faster and more rapid uptake of CO, by
CeNCl/C compared to CeO,/C confirms that CeNCl/C has a
greater affinity for CO,. Previous reports proposed a possible
reaction mechanism for CO, cycloaddition using CeNCI/C as a
catalyst [45, 46], as shown in Fig. 4(d). CO, and epoxides are
adsorbed on the Lewis acid-base sites of the catalyst and a “Ce-O”
adduct is formed between the Lewis acidic Ce site and the O atom
of SO, thus activating the C-O bond. Simultaneously, the Br~ of
TBAB will attack the less sterically hindered C atom in the three-
membered ring of SO and promote its ring opening, which is
generally considered the rate-controlling step of the cycloaddition
reaction. Subsequently, the O™ in the activated CO, attacks the C
atom coordinated to Br~ and the C atom of the activated CO, reacts
with the ring-opening epoxide. Finally, the Br~ is released and the
ring is closed to form a cyclic carbonate product.

3 Conclusions

In summary, we successfully prepared a carbon-supported CeNCI
catalyst through the ball milling-calcination method. The Ce site
with a Lewis acid centre generates CeNCl by combining the
surrounding N atoms with Lewis basicity. The acid-base sites
cooperate to promote the activation of the substrate. The results
show CeNCI/C exhibits excellent catalytic activity in the CO,
cycloaddition reaction under mild conditions due to the strong
interaction between its Lewis acid and base sites. This work
designed and synthesized a CO, cycloaddition heterogeneous
catalyst with excellent performance and also explained the
operating mechanism of multiple active sites in CO, conversion.

(b)

CeNCIiC
Ce0,iC

Intensity (a.u.)

300 400 50
Temperature (°C)

200

(d)

Figure4 (a) CO,-TPD profiles, (b) NH;-TPD profiles and (c) CO, adsorption-desorption profiles of CeNCl/C and CeO,/C. (d) A plausible mechanism for the

cycloaddition of SO with CO, over CeNCI/C.
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Electronic Supplementary Material: Supplementary material
(details of catalysts preparation, characterizations, electrochemical
measurements, Figs. S1-S9 and Tables S1-S7) is available in the
online version of this article at https://doi.org/10.26599/NR.
2025.94907028.
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