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ABSTRACT

Fixation of CO, through photocatalytic cycloaddition with epoxides to synthesize cyclic carbonates is an important but challenging

process. In this work, carbon dots (CDs) synthesized from gallic acid and polyethylenimine are used for the efficient catalytic

cycloaddition of CO, with epoxides in the absence of any solvent, additives, and halides, and importantly upon irradiation by

natural sunlight. Specifically, carbon dots generated thermal energy and electrons upon solar irradiation, which together with

their surface N-sites activated the inert CO,. Meanwhile, epoxides were activated by the surface hydroxyl and carboxylic groups of

the carbon dots, which reacted with activated CO, at solar thermal-induced high temperatures. The CDs shows excellent stability

and recyclability during the catalysis. A 1000 mmol scale reaction for cyclic carbonate synthesis performed well upon irradiation

with natural sunlight in the presence of CDs, showing great potential for the industrial application due to the simple, mild, and

energy-saving process.

1 | Introduction

Cyclic carbonates are organic compounds with many useful
properties, which exhibit widespread applications as aprotic
high-boiling polar solvents, electrolytes for batteries, precursors
for polymeric materials, fuel additives, plastic materials, and
synthetic intermediates [1-3]. In industry, one main route for
producing cyclic carbonates is the cycloaddition reaction of CO,
with epoxides. Importantly, the conversion of CO, to high value-
added chemicals is of vital importance in terms of CO, fixation
from the atmosphere [4-7]. To avoid the harsh reaction conditions

required, such as high temperature, high pressure etc., and to
enhance the conversion yield of the reaction between CO, and
epoxides, several efficient catalysts have been suggested, which
include both homogeneous catalysts (Schiff bases, ionic liquids,
metal complexes) [8-12] and heterogeneous catalysts (covalent-
organic frameworks, metal-organic frame-works, mesoporous
oxides, porous polymers) (Figure 1A) [13-23]. Amongst these
catalysts, heterogeneous photocatalysts received particularly
attention, since they can catalyze the reaction in an energy-
efficient and environmentally friendly manner [24-35]. However,
most of these photocatalysts suffer from several challenges,
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FIGURE 1 | Background and catalytic synthesis of cyclic carbonates. (A) Catalytic synthesis of cyclic carbonates using epoxides and CO,. (B)

Structure of CDs. (C) CDs-catalyzed reaction of CO, and epoxides for cyclic carbonates synthetic procedure used in this research under sunlight via

a photothermal process.

hindering their practical applications. They exhibit low intrinsic
catalytic reactivity, leading to necessity of co-catalysts such as
active Lewis-acidic metal complexes or environmentally harmful
halide ions (see comparison in Supporting Information); require
a complicated/expensive synthesis and/or external thermal heat-
ing/high pressure; and can only work well under laboratory
conditions, and could not be efficiently activated using natural
sunlight.

Recently, CDs have appeared as novel environmentally friendly
and easy to produce carbon nanomaterials [36-38], which enable
electron photo-transfer and photothermal conversion, rendering
them as promising photocatalysts (Figure 1B) [39-41]. In partic-
ular, CDs which are small colloidal nanoparticles with a large
variety of surface moieties have been shown to exhibit high
photothermal catalytic efficiency when they were coupled with
conjugated organic structures or metal-incorporating materials
[42-46]. However, using CDs as photothermal catalysts without
such a modification has rarely been reported [47].

Herein, we employ CDs synthesized from gallic acid (GA) and
polyethylenimine (PEI) via a simple hydrothermal process, as
photothermal catalysts for the reaction between CO, and epox-
ides under sunlight irradiation (Figure 1C). These CDs exhibited
highly efficient solar-to-thermal conversion with an efficiency of
54%, providing thermal energy for activating the reaction, and
at the same time the photo-induced electron activation of CO,.
Meanwhile, the N-sites and the surface polar groups (hydroxyl
and carboxylic acid) of the CDs were able to efficiently activate
CO, and epoxides, respectively. Our study offers an efficient and
sustainable approach using CDs for CO, conversion in a metal-
free, additive-free, and solvent-free manner under irradiation by
sunlight.

2 | Results and Discussions
2.1 | Reaction Design

GA and PEI which contain abundant polar groups (hydroxyl,
carboxylic, and amino) were selected as CDs precursors. The CDs
were synthesized by a hydrothermal process (180°C, 8 h) using
a 1:1 molar ratio of GA/PEI (Figure 2A). As shown by the trans-
mission electron microscopic (TEM) images, the as-prepared CDs
have an average size of 2.3 + 0.2 nm (Figure 2B), and are spherical
in shape. The high-resolution TEM image (inset in Figure 2B)
revealed a lattice spacing of 0.21 nm, attributed to the (100)
lattice fringes of graphene. Their X-ray diffraction (XRD) pattern
exhibits a broad peak around 20° (Figure S1), a typical signal of
carbon dots [48]. The Raman spectrum of the CDs exhibits two
peaks at 1376.9 and 1559.3 cm™! that correspond to the disordered
(D band) and graphite (G band) of carbon materials (Figure 2C).
An I;/1; ratio of 1.1 indicated a high extent of graphitization in
the CDs, which should be beneficial for photothermal conversion
[49, 50]. The Fourier transform infrared (FT-IR) spectrum of the
CDs displayed an enhanced absorption band at 3110-3631 cm™,
belonging to the stretching vibrations from N—H and O—H groups
(Figure S2). The peaks at 1658 cm™ and 1578 cm™ belong to
C=0/C=N stretching vibrations and N—H bending vibrations,
respectively, and the peaks at 1450 cm™, 1348 cm™!, and 1125 cm™!
can be assigned to aromatic C—N, C—0, and alkyl C—N stretching,
respectively. The typical broad peaks in 'H nuclear magnetic
resonance spectroscopy (NMR) spectra shows the successful
synthesis of CDs (Figure 3). The hydroxyl, carboxylic acid, and
amino groups present at the surface of CDs are beneficial for
activating the epoxides via hydrogen bonding interaction [8]. X-
ray photoelectron spectra (XPS) of CDs (Figure S4) are consistent
with the FT-IR analysis. Specifically, the high-resolution N 1s XPS
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FIGURE 2 | Basic characteristics of CDs and photocatalytic transformation of CO, with epoxides to cyclic carbonates. (A) Hydrothermal reaction
leading to the formation of CDs. (B) TEM image of CDs; insets show lattice spacing and size distribution of CDs. (C) Raman spectrum of CDs. (D) UV-

vis-NIR absorption spectrum (in blue) of CDs; the solar spectrum is also provided in orange. (E) Temperature change of CDs under ten on/off cycles

of simulated sunlight irradiation (0.7 W cm~2). (F) Temperature changes of CDs in epoxide 1 under simulated sunlight irradiation ranging from 0.1 to
0.9 W cm~2. (G) Optimization of the reaction of CO, with epoxide 1. The reaction yield was determined by "H NMR using CF;-DMA as an internal
standard. (H) Time course of CDs-catalyzed reaction of epoxide 1 with CO, using photothermal (simulated sunlight) and thermal conditions (oil bath).

spectrum revealed strong signals from the pyridinic (399.1 eV),
pyrrolic (400.1eV), and graphitic (402.1 eV) nitrogen, respectively.
These N-containing moieties will be useful as efficient CO,
activation and chemiadsorption sites which was also identified by
CO, adsorption-desorption isotherms of CDs (Figure S5) [51-53].

The UV-visible (UV-vis)-near-IR (NIR) absorption spectrum
(Figure 2D; Figures S6 and S7) indicates that the CDs have a
broad absorption extending all the way from the UV-vis to the
IR region (250-2500 nm), with a significant absorption over the
visible light region, which means that they can efficiently absorb
and utilize the whole spectrum of sunlight. As expected, the CDs
powder exhibited excellent photothermal conversion (Figure S8).
Importantly, an excellent photothermal conversion efficiency of
these CDs equal to 54% was observed, as given in Figure S9.
Stability of photothermal catalysts against photobleaching is an
important aspect. Figure 2E shows the temperature curves for

the CDs after 10 light on/off cycles, which confirm the excellent
photothermal stability of the CDs under simulated sunlight
irradiation. We subsequently evaluated the photothermal effect
of CDs with epoxide 1 in a solvent-free system for reaction with
CO,. As shown in Figure 2F and Figure S10, a mixture of 5
wt% of CDs (41 mg) with 5 mmol of epoxide 1 (0.8 mL) was
irradiated under 0.1, 0.3, 0.5, 0.7, and 0.9 W cm~2 simulated
sunlight, resulting in a change of temperature from initially 26°C
to 43, 61, 71, 94, and 104°C within 20 min, respectively. It is
worth noting that the epoxide 1 only showed poor photothermal
effect under irradiation (Figure S11). Moreover, the thermo-
gravimetric analysis confirms that CDs displays nice thermal
stability, which is vital for facilitating the catalytic reaction
(Figure S12).

Given that temperatures in the range of 80-120°C are usually
applied for the reaction of CO, with epoxides in catalytic systems
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[8], we employed 0.7 W cm™ of irradiation to evaluate the CO,
conversion using our CDs. The reaction of CO, with benzyl
glycidyl ether (Figure 2G) was conducted using 5 wt% of CDs
under the irradiation of 0.7 W cm~2 simulated sunlight (100°C
was achieved), yielding cyclic carbonate 1 with an excellent
reaction yield of 90% (Entry 2). The yield decreased from 90%
to 75% when 2.5 wt% of CDs was used under the same reaction
conditions (Entry 1), which was attributed to a reduced system
temperature (90°C) caused by a decrease in amounts of CDs.
Notably, no reaction occurred in the absence of CDs, either upon
solar irradiation or under heating conditions. While the screening
of different ratios of GA/PEI and nitrogen sources in the synthesis
of photothermal CDs did not afford better results (Table SI).
Catalysts consisting of GA, PEI, GA/PEI, and CDs synthesized
using either GA or PEI as a sole precursor all exhibited low
photothermal conversion and poor catalytic reactivity (Entries 3-
7). Notably, when the reaction was carried out with CDs using
heating-induced thermal conditions (100°C, oil bath) instead of
photothermal conditions, the reaction between CO, and epoxides
happened but with a decreased yield (74%, Table S1). Additionally,
the time course of the reaction showed a much faster generation
of cyclic carbonate 1 under photothermal rather than thermal
conditions, indicating a significant photochemical activation
effect by CDs.

2.2 | Mechanistic Considerations

The photothermal catalytic mechanism of the CDs-catalyzed CO,
cycloaddition to epoxides was further investigated. Figure 2H
shows that that CDs can catalyze this reaction in a dual mode,
including both thermal and photothermal catalysis, which means
that both photo-induced activation and chemical activation of
CDs are involved in the catalytic process. As the polar groups
such as —OH, —CO,H, and —NH, play key roles to chemi-
cally activating the epoxide through hydrogen-bonding in the
metal-free catalytic systems, the catalytic effect of these polar
groups on the surface of CDs was evaluated using a functional
group blocking strategy. As shown in Figure 3A, the carboxylic
acid, amino, and hydroxyl groups on the surface of CDs were
selectively protected by methylation, aldimine condensation and
acetylation reactions (Figures S13-S19), respectively, and the
photothermal effect of these modified CDs was evaluated (the
resulting samples were denoted as Me-CDs, Ar-CDs, and Ac-
CDs, respectively). These functional group-blocked CDs were
then employed for the photothermal and thermal catalysis of the
reaction of CO, with epoxide 1 (Figure 3B). Notably, under the
standard conditions of photothermal catalysis, the temperature
of the reaction system could be kept at 97-100°C by irradiation of
the modified CDs, which indicates that the protection of surface
groups has a negligible effect on photothermal conversion ability
of CDs (Figure 3C). The Ar-CDs with protected amino groups
exhibited almost identical catalytic reactivity as the original
(non-protected) CDs in both photothermal and thermal catalytic
systems, indicating that the amino groups on the surface were
not essential for activation of both epoxides and CO,. Moreover,
this observation together with the observed absence of catalytic
reactivity of the N atom-free GA-CDs indicates that the activation
of CO, should be attributed to the presence of pyridinic, pyrrolic,
and/or graphitic-nitrogen in the CDs core, rather than their
surface amino groups. The reactions using the Me-CDs and

Ac-CDs with carboxyl acids and hydroxyl groups blocked led
to an obvious decrease of the yield of cycloaddition product 1
under both photothermal conditions (76% and 72% yields) and
thermal conditions (69% and 59% yields), respectively. These
observations suggest that the catalytic ability of surface polar
groups on the CDs decreases in the order of —OH > —CO,H >
—NH, (Figure 3D).

Given that photo-induced electron transfer in photothermal
catalysis to substrates under irradiation can improve the reactivity
of the substrate as compared to the corresponding heating-
induced thermal catalytic reactions (Figure 2H), we evaluated the
importance of photogenerated electrons in this transformation
using CDs. Firstly, the radical and hole quenching experiments
were conducted to explore the underlying mechanisms. As
shown in Figure 4A, the yield of cyclic carbonate 1 under
standard reaction conditions was 46% over 8 h, while no reaction
occurred in the absence of CDs. When AgNO; and Na,S,0,
were used as the radical scavengers to capture photogenerated
electrons, the reaction yield decreased from 46% to 7% and
37%, respectively, indicating the crucial role of photogenerated
electrons. In another experiment, ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na) and isopropanol were added
to the reaction system containing CDs as hole scavengers. An
increase in the reaction yield was observed when EDTA-2Na and
isopropanol were used (55% and 71%, respectively), indicating that
the photogenerated holes do not contribute to the transformation
reaction, but rather increase the recombination of photogener-
ated electrons, leading to lower degree of conversion. To further
explore the possible pathway for activation of photogenerated
electrons, electron paramagnetic resonance (EPR) measurements
were conducted on CDs, using 2,2,6,6-tetramethylpiperidine 1-
oxyl (TEMPO) as the spin-labeling agent which could be reduced
by photogenerated electrons, leading to a decrease in intensity
of the EPR signal. As shown in Figure 4B,D, the EPR signal
intensity decreased by 36% under N, and 39% in epoxide 1/N, after
3 min irradiation, indicating that the electrons could hardly be
transferred to epoxide 1. A 28% decrease of the signal intensity
was observed in the presence of CO,, indicating the transfer of
electrons from the CDs to CO, (Figure 4C). When epoxide 1
was added to the CDs under a CO, atmosphere, the EPR signal
intensity exhibited similar decrease (29%), further confirming the
transfer of electrons to CO, rather than to epoxide (Figure 4E).
This is because the conduction band (CB) of the CDs is located at
—1.9 eV (Figures S20-S22), which is enough to activate the CO,
to CO,"". To further study the radical species, in situ FT-IR using
standard reaction conditions was used for detection of CO,"~. We
found that one obvious component with peaks at 1645-1652 cm™,
which was consistent with the characteristic vibration mode of
CO,"~ (Figure S23) [54, 55]. Moreover, the EPR experiments in
the absence of CO, under light irradiation or dark conditions
showed that no signal were detectable (Figures S24). Similarly,
under CO, atmosphere, the signal was also negligible without
light irradiation, while strong characteristic peaks of CO,"~
adduct with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (hyperfine
splitting constant Ay =15.5 G, Ay =19.4 G, spectroscopic splitting
factor g = 2.0041) could be found under light irradiation, further
confirming that in the presence of CDs and light irradiation, CO,
molecules can be activated to produce CO, ~ radicals (Figure
S25) [56, 57]. Based on these observations, an activation pathway
by single electron transfer to CO, could be proposed for the
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photo-enhanced transformation, which is illustrated in Figure 4F.
To further understand if UV or the visible part of the solar
spectrum drives the transfer of the electrons from CDs to CO,,
simulated sunlight with or without the UV light band has been
checked for the photothermal catalysis. The absence of UV light
band had almost no influence on the conversion efficiency for
the transformation reaction, which proceeded with 87% yield
(Figure 4G, entry 2). Thermal conditions with additional UV
irradiation had no effect on the conversion efficiency (Figure 4G,
entry 4), resulting in almost the same yield (Figure 4G, entry 3).
These results indicate that the CDs-mediated activation process
under visible light irradiation can enhance the conversion of CO,
into cyclic carbonates. We also noticed that both light irradiation
and heating failed to initiate the transformation reaction in the
absence of CDs (Figure 4G, entries 5 and 6).

Based on these results, a proposed mechanism for the reaction
is depicted in Figure 4H. CDs generated thermal energy and
electrons upon solar irradiation, and then together with N-sites
activated the inert CO,. Meanwhile, epoxides were efficiently
activated by surface hydroxyl and carboxylic groups of CDs
through hydrogen-bonding interactions. Thus, activated CO, and
epoxides could efficiently react at the high temperature induced
by solar irradiation of the photothermal CDs. Moreover, accord-
ing to the control experiments in Figure 2H, thermal conditions
afforded cyclic carbonate 1 in 74% yield while photothermal
conditions could achieve 90% yield, indicating that the thermal
catalysis for this cycloaddition reaction is still the main pathway
and the photo-activation for CO, could significantly enhance this
process. Considering together the experimental evidences and
the relevant reported mechanism for this metal- and halogen-
free transformation [51-53], the plausible reaction route is shown
in Figure 4H: a nucleophilic attack of activated CO, (CO,~ and
CO,"") to epoxide selectively occurred at the terminal C—O
bond, leading to ring-opening intermediate. An intramolecular

cyclization further produced cyclic carbonate and simultaneously
regenerated CDs.

2.3 | Reaction Development Using Sunlight

Using natural sunlight directly in the catalytic reactions repre-
sents a significant challenge, since unstable and non-continuous
irradiation by sunlight requires catalysts exhibiting an extremely
high catalytic reactivity, especially for reactions with prolonged
irradiation. As such, a home-made solar reactor was constructed
as shown in Figure 5A and Figure S26, where Fresnel lenses were
employed as an optical concentrator to increase solar flux, and
optical fibers were used as a light conduit for sunlight. With this
device, we investigated the photothermal catalytic performance of
the CDs operated under natural sunlight. As shown in Figure 5D,
the reaction of epoxide 1 with CO, irradiated for 8 h using natural
sunlight exhibited almost the same efficiency (48% yield) to that
of under simulated sunlight (46% yield) (Figure S27). Remarkably,
although the reaction was interrupted during the night, the
catalytic reactivity of the system could be reactivated by sunlight
irradiation during the following day (Figure 5C). The reaction
also provided a high yield (87%) under intermittent irradiation
for totally 24 h (8 h during the daytime for 3 days). These results
demonstrate the practicability of CDs used as photothermal
catalysts for CO, conversion using abundant but discontinuous
natural sunlight.

Given that this system represents a simple and efficient photocat-
alyst for the reaction of CO, with epoxides, the scope of epoxides
(Table S2) was investigated using natural sunlight assisted by
the device in Figure 5A at 1 atm of CO, (Figure 5F). Epoxides
bearing a variety of functional groups could successfully react
with CO,, which resulted in formation of the corresponding
cyclic carbonates in excellent yields and selectivity (Figure S28)
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(E), IL = intensity of signal under light irradiation, ID = intensity of signal under dark. (F) Photo-activation of CO, by electron transfer from CDs rather

than photo-activation of epoxides. (G) Table showing the outcome of the control experiments for photochemical effect (simulated sunlight, 0.7 W cm~2).

(H) Proposed mechanism of CDs-catalyzed fixation of CO, with epoxide.

under irradiation of natural sunlight within 24 h. For sterically
hindered epoxides containing aromatic ether groups, the reaction
generated cyclic carbonates 1-4 in high yields (87%-96%). Active
functional groups such as alkyls and alkenes were also well
tolerated in this photothermal catalytic process and provided the
corresponding products 5 and 6 in high yields (93% and 89%),
respectively. For the challenging low reactivity and sterically
bulky substrate styrene oxide, CDs also exhibited high catalytic
reactivity, resulting in the cyclic carbonate 7 with 70% yield. In
addition, enantiopure epoxide could be smoothly transformed
to the corresponding cyclic carbonate (S)-1 without any loss
of enantiomeric excess (e.e. > 99%), indicating a selective ring
opening at the terminal position of the epoxide (Figure S29).
A functionalized bisepoxide substrate was amenable to the CDs
catalyst as well, affording bis-cyclic carbonate 8 in 92% yield,
which can be used as an important building block for further
synthesis of polymers such as polyurethanes and polycarbonates.
Remarkably, photo-induced activation was observed for all these
cases. Using the thermal conditions (oil bath) at the same system

temperature as for the photothermal conditions, the yields of
products 1-6 reduced by 6%-22%. Significant enhancement of
photo-induced activation was observed for the formation of cyclic
carbonates 7 and 8 since using thermal conditions resulted in only
14% and 7% of the target products being obtained in the absence
of light irradiation, respectively. This shows that different extent
of photo-induced activation can occur in reactions with different
substrates.

To explore the recyclability of the CDs catalyst, the reaction for
the synthesis of the useful bis-cyclic carbonate 8 was investigated
under natural sunlight using 1 atm of CO,. The yield slightly
decreased from 92% to 84% after 5 cycles of recycling, but still
exhibited high catalytic activity (Figure 5E). Only 1.8 wt% loss of
CDs was observed after 5 cycles of reaction. Then, we increased
the catalytic cycles from 5 times to 8 times, the yield of cyclic
carbonate finally decreased to 71% after 8 cycles, and only 69.3 mg
of CDs catalyst could be recollected (Table S3). As the CDs
have a very small size (1-3 nm), the leaching of CDs during
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FIGURE 5 | Applicability and practicability of CDs. (A) Schematic of the sunlight-catalysis device, including a Fresnel condenser, a sunlight tracking

sensor, and a guidance system (optical fibers). (B) 1000 mmol scale experiment. The experiment under natural sunlight lasting for 40 h was carried during
5days (8 h x 5). (C) Representative irradiation situation of standard reaction under natural sunlight. (D) Reaction yields for 8 and 24 h under conditions
of heating, simulated sunlight, and natural sunlight. The experiment under natural sunlight lasting for 24 h was carried during 3 days (8 h X 3) in July,
2023, in Harbin, China. (E) Catalyst recycling experiments of CDs for CO, conversion to epoxide 8 under simulated sunlight (0.7 W cm™2). (F) Substrate

scope of epoxides in photothermal (sunlight) and thermal catalysis (oil bath, the reaction temperature is consistent with that of photothermal reaction).
All the photothermal reactions were conducted using home-made device under natural sunlight, and the system temperature for different substrates

varied from 97 to 103°C.

the recycle process is unavoidable. Moreover, recovered CDs
after 5 and 8 cycles were characterized by FT-IR, XRD, TEM,
Raman, and 'H NMR (Figures S30-S34). The result shows that
no apparent structural degradation was found, indicating the
CDs have structural-stable properties in this reaction conditions.
Moreover, XPS of CDs after 5 and 8 cycles shows that the element
content of C, N, and O has obvious changes, and the high
resolution XPS spectra for elements C, O, and N which correspond
to functional groups of catalytic sites (—OH, pyridinic N, pyrrolic
N, and graphitic N) also exhibits obvious changes (Figure S35),
indicating that changes occurred during the cycles for surface
polar groups of CDs. Despite these changes for surface groups of

CDs, the CDs could still exhibit good catalytic performance (Table
S3). Therefore, the mass loss during CDs recovery and partial
degradation of the surface polar groups could affect the partial
loss of activity of CDs, this should be taken into consideration and
indeed a great challenge in industrial applications. Moreover, the
photothermal effect and catalytic activity of the CDs were also
evaluated on a large scale to determine the practicability of this
photocatalyst. The reaction could be carried out on a 1000 mmol
scale to yield 176.98 g of cyclic carbonate 1 with a high yield of 85%
(Figure 5B), confirming that this method has great potential for
the industrial scale synthesis of cyclic carbonates from epoxides
and CO, due to the simple, mild, and energy-saving process.
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We notice that only few examples of photothermal catalysts
were reported for this transformation such as metal car-
bides [25], metal/phthalocyanine hybrids [31], metal/covalent-
organic frameworks [58, 59], metal-organic frameworks [60],
metal/carbon nanosheets [61], metallic oxides/organic ligands
[62], and porous biochar [56, 63]. However, all these catalysts
themselves showed inert or poor catalytic activity in the absence
of the co-catalyst, metal, or halogen; they also had to be prepared
using multiple and complex procedures (Table S4). In contrast,
the CDs catalyst studied here exhibited excellent catalytic activity
for both CO, and epoxide activation, catalyzing the cycloaddition
reaction without any solvent, metal, halogen, and co-catalyst (see
Table S5 for comparison with references). Notably, the simple and
green preparation of CDs by a one-pot hydrothermal synthesis
in H,O shows great superiority in both fabrication process
and catalytic applications comparing to previous carbon-based
catalysts (Table S6).

3 | CONCLUSION

In summary, we have developed CDs as a photothermal catalyst
for the fixation of CO, to cyclic carbonates. The carbon cores of
the CDs generated thermal energy and electrons upon solar irra-
diation. The as-generated electrons and N-sites activated the inert
CO,. Meanwhile, epoxides were efficiently activated by surface
hydroxyl and carboxylic groups of the CDs through hydrogen-
bonding interactions. Activated CO, and epoxides efficiently
reacted at solar thermal-induced high temperatures. Conquering
the problems associated with previous photocatalysts, CDs were
able to efficiently catalyze the reaction without any co-catalyst
under natural solar irradiation, and were suitable for producing
8 different cyclic carbonates from different epoxides. Considering
its low energy consumption and low cost, CDs photocatalysts are
promising candidates for the practical industrial scale production
of cyclic carbonates.

4 | EXPERIMENTAL SECTION

4.1 | Materials Preparations and
Characterizations

All chemicals were purchased from commercial sources and
used without further purification, unless otherwise noted.
Gallic acid (GA, Aladdin), polyethylenimine (PEI, branched,
average Mw~800 by LS, Macklin), pyrogallic acid (Aladdin),
melamine (Aladdin), urea (Aladdin), benzyl glycidy ether (TCI,
97.0%), glycidyl phenyl ether (Aladdin, 99.0%), glycidyl 2-
methylphenyl ether (Aladdin, 90.0%), furfuryl glycidyl ether
(Aladdin, 96.0%), glycidyl propargyl ether (Aladdin, 90.0%),
allyl glycidyl ether (Aladdin, 99%), styrene oxide (Aladdin,
98.0%), (R)-benzyl glycidyl ether (Adamas, 98%), 2,2-bis(4-
glycidyloxyphenyl)propane (TCI, 85%), N,N-dimethylformamide
(DMF, Aladdin, 99.9%), 2,2,2-trifluoro-N,N-dimethylacetamide
(Bidepharm, 98%), chloroform-d (CDCl;, Macklin), (trimethylsi-
lyl)diazomethane (Aladdin), benzaldehyde (Aladdin), ultra-dry
ethanol (Aladdin), and acetic anhydride (Aladdin). CO, was
supplied from Ha Qinghua Gas Technology Co., Ltd with a purity
0f >99.5%. N, was supplied from Ha Qinghua Gas Technology Co.,
Ltd with a purity of >99.999%.

Reactions were monitored by thin-layer chromatography (TLC)
carried out on 25 mm silica gel plates. Visualization was per-
formed with a UV-lamp (254 nm) or KMnO, solution. Flash
column chromatography was performed on silica gel (particle
size 230-400 mesh, purchased from Canada) and eluted with
petroleum ether/ethyl acetate. 'H NMR spectra were recorded
on Bruker-500 MHz spectrometer. The chemical shifts (5) are
given in parts per million relative to CDCl, (7.26 ppm for 'H)
or TMS (0 ppm for 'H). The transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were acquired
on JEOL JEM-2100 instrument, simple preparation of CDs is
10 mg mL™! in H,0. X-ray diffraction (XRD) patterns were
collected on the Shimadzu XRD-6100 powder diffractometer.
Raman spectra were recorded using a LabRAM HR Evolution
confocal Raman microscope (Horiba, 1td., Kyoto, Japan). Fourier
transform infrared spectrometric (FT-IR) analysis of samples
were recorded with a PerkinElmer Frontier FT-IR spectrometer.
The chemical composition, content and state of the samples
were determined by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha). UV-vis-NIR absorption spectra
were measured on Shimadzu UV-3600i Plus. Electron param-
agnetic resonance (EPR) analysis was conducted on a Bruker
A300. The CEL-S500/350 Xenon lamp (purchased from Beijing
China Education AuLight Technology (CEAuLight) Co., Ltd.
www.litcatal.com) with reflector and AML.5 filter simulates
sunlight.

4.2 | Synthesis of CDs

All the carbon dots (CDs) were synthesized according to the
following procedure: GA (85.06 mg, 0.5 mmol) and PEI (400 mg,
0.5 mmol) were dissolved in ultra pure water (30 mL) and mixed
uniformly. A reactor containing the mixed solution was placed
in an oven at 180°C for 8 h and then allowed to cool to room
temperature naturally. The mixture was filtered through a 0.22 um
syringe filter after centrifugation followed by a dialysis through a
1000 Da dialysis bag. The purified solution was dried in an oven to
give the CDs (310 mg, 64 wt% yield). The CDs prepared from GA
and PEI in the ratios of 4:1, 2:1, 1:1 and 1:2 were named as 4-CDs, 2-
CDs, CDs, and 0.5-CDs, respectively. The CDs prepared from GA
and urea (1:1), and from GA and melamine (1:1) were named as
U-CDs and M-CDs, respectively. The PEI-CDs and GA-CDs were
prepared using sole PEI and GA, respectively.

4.3 | CbDs-Catalyzed Reaction of CO, With
Epoxides

For reaction conditions screening, epoxide 1 (821 mg, 5 mmol,
1 equiv.) and CDs (41 mg, 5 wt%) were weighted into a 25 mL
reaction tube, followed by charging with CO,. The reaction
mixture was stirred under 1 atm of CO, atmosphere (balloon)
and irradiation with 0.7 W cm~? simulated sunlight. The reaction
was monitored by TLC. After the reaction was completed, the
residue was purified by column chromatography on silica gel with
a gradient eluent of petroleum ether/ethyl acetate to afford the
desired product. For substrate screening, the same procedure was
conducted using sunlight. CO, was provided by a balloon filled
with pure CO, gas and the distance between light outlet and
reaction tube was ~1 cm.
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4.4 | Large-Scale Reaction of CO, With Epoxide

Epoxide 1 (164.2 g, 1000 mmol) and CDs (8.2 g, 5 wt%) were
weighted into a 250 mL flask, followed by charging with CO,.
The reaction mixture was stirred for 5 days (8 h x 5) under 1 atm
of CO, atmosphere (balloon) and irradiation of sunlight. After
the reaction was completed, ethyl acetate (500 mL) was added
and the mixture filtrated through a short pad of silica gel. The
residue was purified by column chromatography on silica gel with
a gradient eluent of petroleum ether/ethyl acetate to afford the
desired product 1 (183.2 g, 88% yield).

4.5 | Recycling Experiments of CDs for CO,
Conversion

Epoxide 8 (1.702 g, 5 mmol, 1 equiv.) and CDs (82 mg) were
weighted into a 25 mL reaction tube, followed by charging
with CO,. The reaction mixture was stirred under 1 atm of
CO, atmosphere (balloon) and irradiation of simulated sun-
light (0.7 W cm™2). After the reaction was completed, ethyl
acetate (10 mL) was added into the mixture. The CDs sediment
was formed after a 30 min standing and the supernatant lig-
uid (cyclic carbonate) was collected with a dropper carefully.
The CDs sediment was washed with EA for 3 times and the
dried and reused for the next cycle. The EA solution was
collected and concentrated under vacuum to afford the cyclic
carbonate 8.

4.6 | Procedure for the Protection of Surface
Groups of CDs

For protection of carboxyl acid, to a 10 mL oven-dried sealed
tube containing a magnetic stir bar, CDs (200 mg) was added in
the mixture of dichloromethane (4 mL) and methanol (4 mL).
After that, (trimethylsilyl)diazomethane (79.9 mg, 0.7 mmol) was
added to the mixture dropwise, and the mixture was stirred at
room temperature for 12 h. After the reaction was completed,
the solvent was removed under vacuum and the residue was
washed with EA 3 times to remove the residual small molecules.
The residue was dried to provide the methylated Me-CDs
(202 mg).

For protection of amino group: To a 50 mL oven-dried sealed
tube containing a magnetic stir bar, CDs (200 mg) and 4-
fluorobenzaldehyde (124.1 mg, 1 mmol) were added in anhydrous
ethanol (10 mL) and stirred at room temperature for 72 h. After the
reaction was completed, the solvent was removed under vacuum
and the residue was washed with EA 3 times to remove the
residual 4-fluorobenzaldehyde. The residue was dried to provide
the protected Ar-CDs (218 mg).

For protection of hydroxyl group: To a 50 mL oven-dried sealed
tube containing a magnetic stir bar, CDs (200 mg) and acetic
anhydride (51 mg, 0.5 mmol) were added in the anhydrous
dichloromethane (8 mL) and stirred at room temperature for 12 h.
After the reaction was completed, the solvent was removed under
vacuum and the residue was washed with EA 3 times to remove
the residual small molecules. The residue was dried to provide the
acetylated Ac-CDs (196 mg).
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