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Abstract: The increase of CO, concentration significantly results in severe greenhouse effect. Reducing emission
and chemically utilizing CO, are effective means to solve this problem. CO; cycloaddition reaction with epoxide
is atomically economical and environmentally friendly. However, current catalytic systems still have a long way
to go for high catalytic efficiency under mild conditions. Solar energy has demonstrated excellent characteristics
in direct photothermal utilization, photocatalytic reactions, and photoelectrochemical reactions recently. Therefore,
herein this review summarizes the research work on solar energy mediated CO; cycloaddition reactions in the past
decade. Firstly, the heat generated by photothermal effects is confined to the local space and can be more
effectively absorbed by reaction molecules for efficient reactions, greatly reducing the energy consumption of
traditional thermal reactions. CO- cycloaddition with carbon-based materials, polyoxometalates (POM), metal
organic frameworks (MOFs), covalent organic frameworks (COFs), and ionic liquids (ILs) as catalysts are
reviewed and analyzed; Secondly, semiconductor exhibit high activity due to activation of reactants by
photogenerated charges and holes. Single atom catalysts, composites, atomic clusters, MOFs, COFs, Porous
organic polymers (POPs), and others used in such reaction are reviewed and analyzed; Finally, the solar light
mediated photothermal synergistic catalysis and the reaction system of light and external heating synergy are
introduced and analyzed. Last but not least, some issues in the development of solar energy mediated CO-
cycloaddition reactions are analyzed and discussed, and future research prospects are proposed on this basis.

Keywords: heterogenous CO; cycloaddition; photo-induced thermal-catalysis; photocatalytic CO, cycloaddition;
photothermal synergistic catalysis; cyclic carbonate

1. Introduction

In the history of human being’s development, the Industrial Revolution lasted for over 200 years is like a
double-edged sword. On the one hand, it has brought advanced productivity to humanity, creating today’s
prosperity and advanced way of life. However, on the other hand, the rapid consumption and imprecise processing
of nonrenewable fossil resources have cast a shadow over the sustainable development of energy and environment
in the future. The greenhouse effect induced by greenhouse gas like CH4 and CO; etc. severely threatens human
beings. The average concentration of CO- in the atmosphere achieved 419.47 ppm in January 2023, which was
almost 1.55 times that of pre-industrial times (~270 ppm). Over the past thirty years, global CO, emissions have
doubled and are expected to double by 2040 (Figure 1) [1]. The United States and China account for 20.3% and
20.0% respectively, accounting for 40.3% of the global total.

Given this severe situation, countries around the world attach great importance to the excessive emissions of
CO; and the resulting extreme climate problems. Specifically, countries have successively signed and implemented
the United Nations Framework Convention on Climate Change (1992), the Kyoto Protocol (1997), the Bali
Roadmap (2007), and the Paris Agreement (2015). The Paris Agreement aims to limit the increase in global
average temperature to well below 2 <T relative to pre-industrial levels, with an aspiration to restrict the rise to
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under 1.5 T compared to those same levels (Figure 1B) [2]; By 2030, global carbon emissions will be controlled
at 40 billion tons, achieving net zero emissions by 2080; all parties will make effort to such action to address
climate change through “independent contributions”. The Paris Agreement is an important milestone in global
climate management, marking the beginning of global cooperation to address the climate issues facing humanity.
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Figure 1. (A) Levels of CO2 in the atmosphere and (B) global average temperature of surface air for the Special
Report on Emissions Scenarios (SRES) fossil intensive (A1F1) and HALVED-BY-2050 (halving the 1990 global
Kyoto-gas emissions by 2050) scenarios. Reprinted with permission from Ref. [1]. Copyright 2009 Springer Nature.
(C) Changes in sea level projected from 1990 to 2100. Reprinted with permission from Ref. [2]. Reprinted with
permission from Ref. [3], Copyright 2019 American Chemical Society.

As a result, the concept of global carbon neutrality emerges as the times require. Several strategies have been
proposed and implemented to achieves carbon neutrality. For instances, carbon capture and storage (CCS or CCUS)
technique, that is capturing, storing, or utilizing of CO; [4,5]. For storage, it means capturing and releasing CO;
into the atmosphere, compressing it, and then returning it to depleted oil fields, natural gas fields, or other safe
underground locations. However, at least there are two problems hinders the ideal carbon storage, firstly the cost
of carbon capture and storage is very high, including the transportation, compression, and search and evaluation
of safe locations for CO,. Another reason is that no one knows if this technology is really that effective. Or, in
other words, whether deeply buried CO, will leak under extreme geological movements is a problem.
Comparatively speaking, a more promising approach than carbon storage is to purposefully utilize CO; as a
renewable raw material to generate high value-added products and fuels, and even convert CO; into chemicals and
fuels using renewable resources [6,7]. This not only allows intermittent renewable energy to be stored in chemicals
for convenient transportation and efficient utilization, but also realizing a circular carbon economy.

In classic review paper of T. Sakakura, they proposed four methods for CO, transformation [8]. In other
words, high-energy reactants react with CO, under the action of an external energy field to produce low-energy
products, while promoting the reaction equilibrium to shift towards the product side can accelerate the reaction
rate. High-energy reactant, low-energy product, energy and reaction equilibrium contribute to the transformation
of CO.. The roadmap of CO, transformations is presented in Figure 2, among them five transformation paths have
been industrialized, specifically, these are synthesizing urea (1921), methanol, cyclic carbonate (1958), linear
carbonate polymer and salicylic acid (1890). Nevertheless, industrial utilization accounts for only 0.5% of the total
anthropogenic CO; emissions [9]. All these process routes are driven by heterogeneous thermalcatalysis. We
searched the Web of Science with keywords of CO, conversion or CO, catal* or CO, reduction in the past decades
(2014-2024) as shown in Figure 3A. It is found that the number of research papers has skyrocketed since 2019.
As of 2023, 137,302 papers on CO; catalytic conversion have been published worldwide. In depth, research papers
contributed by China accounts for 31.58% of the total, much higher than the second ranked United States (17.83%),
followed by Germany, The United Kingdom, Japan, and India in terms of the overall number of published articles
shown in Figure 3B.
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Figure 3. (A) Web of science search results with keyword of “CO2 catal*”; (B) Classify the above research results
by country; (C) Web of science search results with keywords of “COz2 cycloaddition” or “COz2 cyclic carbonates”;
(D) Classify the above research results by country.
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The transformation path of CO, can be categorized to thermalcatalysis, photocatalysis, electrocatalysis and
biological transformation [10]. Specifically, types of chemical reaction of conversion are divided into
carboxylation, hydrogenation, reduction, cycloaddition, reforming and biological synthesis. CO. cycloaddition
reaction attracts extensive attention because of its inherent merits: (1) as above mentioned [11,12], it is proposed
by T. Sakakura and widely accepted that high-energy reactants like epoxide is beneficial for CO, transformation;
(2) low-energy synthetic targets such as organic carbonate is either beneficial for CO, transformation; (3) bond
energy of C=0 is as high as 799 kJ/mol, conventional activation methods face the problem of difficulty in breaking
carbon oxygen bonds and activating CO,, Fortunately, based on the above (1) and (2) advantages, the energy
released by ring opening of epoxide perfectly compensate energy required for CO- activation, so the reaction does
not require extremely high energy intervention; (4) CO; cycloaddition is 100% atomic economy and no atom is
wasted, which guarantees the loop-closed management of carbon cycle; (5) Cyclic carbonates are stable liquids
that are beneficial for long-term storage of CO, [13]; (6) the synthesizing target cyclic organic carbonates (ethylene
carbonate (EC), propylene carbonate (PC)) are superior solvents in chemical industrial and batteries field, useful
intermediates for synthesizing acyclic carbonates, carbamates, polymers, methanol, cis-diols, spiro compounds,
heterocyclic compounds, and ILs [14].

Therefore, such reaction attracts extensive research interests from both academia and industry. For example,
Shell Omega process utilizes the hydrolysis of ethylene carbonate obtained from cycloaddition reaction to produce
ethylene glycol [15]. Asahi Kasei uses ethylene carbonate and methanol cracking to produce dimethyl carbonate
(polycarbonate precursor) and ethylene glycol simultaneously [16]. The global market of cyclic carbonate in 2020
is 3.5 billion and it is forecasted to achieve 7.1 billion in 2030, growing at a Compounded Average Growth Rate
(CAGR) of 7.2% [17]. We searched the Web of Science with keywords of CO. cycloaddition or CO; cyclic
carbonate in the past decades (2014-2024) as shown in Figure 3C. It is found that the number of research papers
has surged since 2012 and continues to grow exponentially every year. There are 3533 papers published at 2024.
As of 2024, 6255 papers on CO, cycloaddition have been published worldwide. In addition, research papers
contributed by China accounts for 48.4% of the total, much higher than that of others Figure 3D.

CO; and epoxides can generate small-molecule cyclic carbonates or high-molecular-weight polymer
molecules Under different catalysts and reaction conditions, which may lead to the generation of reaction
selectivity. The essence of this product selectivity depends on the epoxide molecule itself, the catalyst, the
cocatalyst or the reaction conditions. From the perspective of the structure of the epoxide molecule itself, aliphatic
epoxides such as PO (Propylene oxide) are more likely to generate cyclic carbonates. Darensbourg analyzed from
a thermodynamic perspective and believed that PC (Propylene carbonate) has good thermal stability and a small
difference in activation energy compared to PPC (Poly propylene carbonate); while alicyclic epoxides have rigid
six-membered rings, and the cyclic by-product cyclohexene carbonate CHC has a large ring strain and poor thermal
stability, with a large difference in activation energy compared to the formation of polycarbonate cyclohexene
PCHC (Figure 4A,B) [18].
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Figure 4. (A,B) are the reaction coordinate diagrams for the coupling of CO2 with PO and CHO. Reprinted with
permission from Ref. [18]; (C) CO2 cycloaddition reaction equation; (D) Reaction mechanism of cyclic carbonate
side reaction. Reprinted with permission from Ref. [19].
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Therefore, under the same catalytic conditions, for the target product of cyclic carbonates, the product
selectivity of PO is generally higher than that of CHO. There is also the issue of product selectivity in the
COy/epoxide copolymerization process, but at this time, the cyclic carbonate is generally a by-product. During the
chain growth process, the active alkoxide anion and the carbonate anion undergo a “back-biting” mechanism to
close the ring and form a five-membered cyclic carbonate (Figure 4C,D). This process is more likely to occur when
the viscosity of the system increases and mass transfer is hindered in the later stage of the polymerization [19]. In
addition, low temperature is conducive to polymerization, while high temperature is favorable for
depolymerization to form cyclic carbonates. The formation of copolymers and cyclic carbonates is respectively
controlled by kinetics and thermodynamics. Moreover, increasing the proportion of cocatalysts such as quaternary
ammonium salts and reducing the pressure of CO2 will both lead to an increase in the proportion of cyclic
carbonates.

In this context, review papers on the CO, cycloaddition reaction have sprung up, particularly focusing on
thermal-catalytic materials such as MOFs [20-22], COFs [23-25], POMs [26,27], ILs (lonic liquids) [28,29] and
metal—organic complexes [30], respectively (Figure 5). Simultaneously, the last rule of CO; transformation
methodologies state that providing physical energy -light or electricity- is further beneficial for the transformation
reaction. Therefore, light as external energy source can promote the conventional thermal-catalysis of CO;
cycloaddition. However, few reviews have summarized in focusing on light-assisted CO, cycloaddition reaction
have been published so far, especially categorizing catalytic systems by the routes of photo-induced thermal
catalysis, photocatalysis, and photo-thermal synergistic catalysis (Figure 6). Therefore, in consideration of
indispensable role of clean solar energy in CO, chemical utilization, it is highly necessary to present timely
comprehensive and cutting-edge review paper on “An Overview of Light-assisted CO, Cycloaddition for Cyclic
Carbonate: Paths of Photo-induced Thermal-catalysis, Photocatalysis and Photo-thermal synergistic catalysis”.

Herein, we present a leading-edge timely and comprehensive review on development of light-assisted CO»
cycloaddition during the last decade, mainly focusing on photo-induced thermal-catalysis system, pure photo-
catalysis system and bifunctional photo-thermal synergistic catalysis system. Firstly, the background of CO;
emission and strategy of chemical utilization of CO; is elucidated (Section 1). Subsequently, photo-induced
thermal-catalysis system is discussed, and some influential works are presented and discussed, including carbon-
based material, single atom catalyst, POMs, MOFs, COFs and omnipotent ILs etc. (Section 2); In addition, CO;
cycloaddition realized by sole photocatalysis has also been discussed, mainly including SACs (Single atom
catalysts), atomic cluster, composites and organic framework material (Section 3); Next, some catalytic system
employed both photothermal effect and photoinduced carriers (holes and electron) is summarized and discussed
either (Section 4); Finally, we analyze the current research directions and existing problem (Table 1), outlook the
future research and identify the research questions that should be focus on in the future (Section 5). The above-
mentioned information paves the way for exploring new highly efficient CO- cycloaddition catalytic system driven
by clean solar energy.
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Figure 5. Classification of catalysts for cyclic carbonates [17], Copyright 2024 Elsevier.
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Figure 6. (A) Photo-induced Thermal-catalysis reaction mechanism; (B) Photocatalytic reaction mechanism; (C)
Photo-thermal synergistic catalysis reaction mechanism.
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Table 1. The advantages, disadvantages, and challenges of photocatalysis, photo-induced Thermal-catalysis, and Photo-thermal synergistic catalysis.

Style Source of Heat Essential Advantages Disadvantages Challenges
. . . (1) Limited to semiconductor; Catalytic activity is limited by carriers’
Photocatalysis None Photocatalysis Energy-saving (2) Low efficiency separation Kinetics,
(1) Sufficiently high light intensity is required
Photo-induced Photon Thermalcatalysis Energy-saving (usually >1000 mW/cm?); Realize the unification of catalytic active
thermal catalysis (2) Photothermal material with high photo-to-  sites and photothermal material.
thermal conversion efficiency is needed.
(1) Catalytic activity is limited by carriers’
Photon Photocatalysis+ Energy-saving high efficiency Modulate the balance of photocatalyst and separation kinetics.
Photo-thermal thermalcatalysis photothermal material (2) Realize the unification of catalytic
synergistic catalysis active sites and photothermal material.
External heating Photocatalysis_+ Energy-saving high efficiency Qatalytic activity is limited by carriers’ separation Unify t.he photocatalytic unit and the thermal
thermalcatalysis kinetics. catalytic unit.
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2. Photo-Induced Thermal-Catalysis

Solar thermochemistry has the potential to utilize the entire solar spectrum, which covers a wide range of
wavelengths from over 300 to over 1000 nm. Both visible and infrared light can interact with materials to produce
photothermal effects. Therefore, the oldest and most direct way to utilize solar energy is to utilize its thermal energy.
In contemporary applications, solar thermal catalytic techniques typically necessitate the use of solar concentrators
to direct sunlight onto a receiver, where it is absorbed to produce high temperatures (exceeding 1000 K) in the
material, thus facilitating catalytic reactions [31]. Solar thermal reactors can harness intense heat to promote
endothermic chemical reactions, such as nitrogen fixation, methane dry reforming, CO, reduction, and converting
CO; into synthesis gas or hydrocarbons [32—34]. Recently, there has been significant interest in photothermal
chemistry that combines photochemical and thermochemical processes. For instance, Xiong group designed and
synthesized a nonmetallic plasmonic catalyst MoN2/MoO; with photothermal unit and dual active sites unites for
absorbed and activation of CO- as well as H,, which exhibits excellent photothermal catalytic activity in reverse
water-gas shift reaction. CO yield rate of 355 mmol ge ' h™! with selectivity of 99% was achieved under
illumination of full-spectrum light for 168 h with 3 W €m™ [35]. Liu et al. reported single atom catalyst Ni/CeO,
with solar-to-chemical efficiency of 1.14% and selectivity ~100% under concentrated light irradiation [36].
Innovatively, Feng et al. reported a Cu/Cu,Se-Cu,O heterojunction nanosheet array under visible—near-infrared
light illumination. Ethanol producing rate and apparent quantum yield is 149.45 pmol g h™* and 0.286% [37].

In the future, the photothermal effect is expected to be utilized more widely for various energy and
environmental challenges, such as seawater desalination [38,39], water vaporization [40,41], air purification [42,43],
wastewater treatment [39,41], and catalytic reduction of CO; to fuel [44]. There have been some reviews on the
photothermal CO, transformation, which are out of the scope of this part. Next, we summarize the works of
photothermal catalytic CO; cycloaddition as follows. This section presents the classification of catalyst materials
based on their type, such as carbon materials, POM, MOFs, COF, ILs, and composite materials as shown in Table 2.

2.1. Carbon-Based Catalysts

Due to high aspect ratio, excellent mechanical, thermal and optical properties, carbon material could absorb
full-spectrum light and transform the absorption photon to heat, which heat the catalyst to drive catalytic reaction
inside. For example, carbon aerogels are used as seawater desalination, photothermal antibacterial materials and
other applications [45]. Using carbon materials as photothermal catalysts to activate the loaded catalytic center
can enable efficient direct solar-light-induced reactions without relying on external heat sources, while recent
researchers have also pointed out that this catalytic mechanism is different from the traditional catalytic mechanism
driven by external heat.

2.1.1. Heteroatom Doping Carbon Material

Various organic compounds can be thermally decomposed to produce carbon materials [46-48]. Due to its
advantages such as metal and organic ligands, easily adjustable composition, and porous pore structure, MOFs
materials have become the most promising precursors for the preparation of carbon material catalysts by pyrolysis
method. Gao et al. utilized MOF-templated pyrolysis method to generate Br-/N-co-doped carbon (Br-CN) for CO;
cycloaddition. The remarkable catalytic performance of BN-CN-1-550 in the absence of cocatalysts and under
full-spectrum light exposure can be primarily ascribed to its excellent photothermal conversion efficiency and the
presence of numerous nucleophilic sites (Br ions) [49]. Wang et al. conducted a pyrolysis of a precursor made
from phenylboronic acid, melamine, and ZIF-8 (Zeolitic Imidazolate Frameworks) to produce hollow mesoporous
carbon co-doped with zinc, boron, and nitrogen (BHNC). The enhanced catalytic performance of the optimized
BHNC under light and ambient conditions is due to its large specific surface area, hollow mesoporous architecture,
improved light absorption capacity, and active sites for CO, chemical adsorption [50].

Besides MOFs, other organics precursors like natural products have also been explored as photothermal
carbon-based catalyst for CO; cycloaddition reaction. Shan and Zhi et al. synthesized Zn, N-co-doped porous
carbon (ZNCs) using glucose and melamine through a one-step pyrolysis process in a nitrogen atmosphere. The
optimal sample, ZNC-800, features a layered structure with uniformly distributed Zn and N atoms, improved light
absorption, and an impressive photothermal conversion efficiency of 51.3%. Hence, ZNC-800 achieved high yield
of cyclic carbonate to 91.1% [51]. Yao group conducted much works focusing on carbon catalyst for photothermal
catalytic CO- cycloaddition. They found that tea saponin, a biomass waste in the production of seed oil from
camellia seeds, can be converted into porous saponin-derived carbon (CTS), which contains a large number of -OH
and -COOH groups, exhibiting properties of Lewis acidic characteristic. The selectivity of epichlorohydrin carbonate
in CO; cycloaddition reaction catalyzed by CTS-800 is 99% within 24 h [52]. In addition, Yao and Ding et al.
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synthesized a photothermal catalyst N, B co-doped biochars (NB-BC) by doping corn stalk with B and C through
one-step and two-step calcination. Due to the changes in pore structure, electronic structure, and active sites caused
by doping of B and N, the catalytic performance was improved. Specifically, under visible light irradiation (400 mW/cm?,
170 °C) for 26 h, the CO, cycloaddition yield was 99%, and the material still exhibited catalytic performance after
10 consecutive cycles, indicating good stability [53]. Venkataraman Mahalingam et al. also found that Cal-CS
(calcined chitosan) photothermal catalysts formed by calcining biopolymer chitosan at different temperatures
exhibit excellent photothermal conversion ability and catalytic activity for cycloaddition reaction of CO, and
epoxides to produce cyclic carbonates [54].

However, although the light-induced thermal effect provided by carbon materials can effectively increase the
reaction temperature, the strength of surface impurity atoms serving as Lewis acid/base sites still needs to be
improved. Therefore, people have tried to further improve the catalytic reaction efficiency by intentionally adding
metal atoms with stronger Lewis acidity during the synthesis of carbon materials, for example, single-atom
catalysts based on carbon and composite materials with heterogeneous structures composed of carbon materials.

2.1.2. Caron-Based Single Atom Catalysts (SACs)

Since the milestone work of Zhang et al. [55], single atom catalysis attracts extensive interests in CO,
catalytic conversion. As shown in Figure 7, Jiang group firstly reported carbon-based Zn single atom catalyst with
photothermal effect (metal amount up to 11.3 wt%) for CO, cycloaddition under light irradiation. They
imaginatively adopt polystyrene (PS) nanospheres as hard template to construct hollow ZIF-8 precursor, which
were thermally decomposed to obtain hollow porous carbon (HPC) supported with Zn SACs. The valence state of
zinc atom is +2 and it exists in coordination with Zn-Na, serving as a Lewis acid-base catalytic site in the reaction.
The HPC-800 exhibits superior yield of 94% at atmospheric CO; under light irradiation for 10 h. Since then, Zinc-
based metal sites have been implanted to various carbon supports to construct carbon-based photothermal CO;
cycloaddition catalysts [56]. With the flourishing development of single atom catalysis, Yang and Liu et al. directly
pyrolyzed nitrogen-rich MOFs to synthesize nitrogen doped carbon (Zn SA-NC) loaded with zinc single atoms.
Zn SA-NC exhibits ultra-high light collection efficiency of >97% range from 250 to 2500 nm due to the unique
multiple light reflection of hierarchical porous structure, which achieved as high as yield of 97% under full-
spectrum illumination at 1 atm CO, without external heating. They proposed Zn-N, sites was catalytic active
centers, photothermal effect as well as the photoelectron transfer may enhance adsorption as well as activation of
inert CO2 molecules [57].
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Figure 7. (A) Synthesizing route of HPC; (B) The SEM, TEM, and HAADF-STEM images of HPC-800; (a)
HAADF-STEM image and corresponding (b—d) EXAFS information of HPC-800. Reprinted with permission from
Ref. [56], Copyright 2019 Angewandte Chemie.

Besides characteristic Zn atom with superior Lewis acidity, other types of single atom like Tb and Al etc
have also been investigated. Chen and Lu et al. synthesized an Al/N-Carbon single atom catalyst (14.4 wt%),
which exhibited excellent catalytic performance for CO, cycloaddition reaction under light irradiation as shown
in Figure 8 (95% conversion rate, 3.52 mmol ¢! h™!). In addition to the efficient photothermal conversion, the
transfer of photogenerated electrons from catalyst to reactants boosted the open-ring rate-determining step of
epoxides [58].

9 of 36



Sci. Energy Environ. 2025, 2, 1 https://doi.org/10.53941/see.2025.100001

a30 Ry~ ——N, (dark) b | o |~ C B i oo
T = 0924 | ——N, (with light) T = 0927 | ——CO, (with light) 0826 po. gf
5 15} 5 15} 3 15}
s J s J H i
£ o0 2 o0 2 o
2 2 ( 2
2 e 2
E a5} E st E 5t
9=20032 g=2.0032 9=2.0032
=30} =30} =30}
3000 3200 3400 3600 3800 4000 3000 3200 3400 3600 3800 4000 3000 3200 3400 3600 3800 4000
Magnetic field (G) Magnetic field (G) Magnetic field (G)
20
d ¢c Rate-liminting step e
y S
oN % & % 15
of o~ '
'
Al ] Br ! @ 9
® ) LY _ §1o
- i~ - ~ i
Lz DAY . ) ,4" " g:‘ < <
,’ - P \‘ Photo-driven or Thermal-driven ,’ = \I =
% I N’ H
) ¢ b= - b= s 7
\ k) ’ N ‘“) & ’
T Wt S S P / /
- - 0 7,
Photo-Driven Thermal-Driven
"""""" o ’
[ HC-cH-CHBr | ! Jp o
: e
Intermedi; 1 ° . 'B". """""
y X HE—CH-CH,Br
SARE / -3 [ \ :
Y 0 1 )
YYOAa' 000000 N 9 Wieeeccancanaas
A AT TN . Transition state
photo activation R
5 - o xS
L 0o S L e S E 2
° 8 a7 o N
o—* H,C-CH-CH,Br l i e .
H,c_cu_cu,srl LT BRI '—“:
Y Intermediate-2 o .
L ]
I
e S\
-------------- o
& Mo ¥ f’ °
i1 Photo-driven reaction I He -gu-cn,sr] L 2
.............. ‘\ ’
i..i Thremal-driven reaction Intermediate-3 Br
’ n,é_gu_cu,sr I

Reaction pathway

Figure 8. (a—c) EPR spectra of Al-N-C; (d) The rate-determining step of CO2 cycloaddition with 1-bromo-2,3-
epoxypropane; (e) Yield of ring-opening intermediates driven by heat and light, respectively; (f) HOMO-LUMO
of Al-N-C with adsorption of 1-bromo-2,3-epoxypropane. (g) illustration of relative energy for the ring-opening of
1-bromo-2,3-epoxypropane under dark and illumination states. Reprinted with permission from Ref. [58], Copyright

2021 Advanced Materials.

2.1.3. Caron-Based Composites Catalysts

In addition to single atom catalysts, some Zn-based composite have also been anchored on carbon substrates
to drive CO; cycloaddition with photothermal effect. Dai and Yang et al. utilized zinc aspartate as a precursor to
produce nanoporous N-doped carbon/ZnQ. The resulting Zn-Asp-300 demonstrates a yield of 96.7% and nearly
100% selectivity at 80 <C when tetrabutylammonium bromide (TBAB) is used as a co-catalyst. Simultaneously, it
also shows 92.2% of yield under visible and near-infrared light illumination. They asserted that ZnO, along with
pyridinic and pyrrolic nitrogen atoms, functioned as Lewis acid and base sites, respectively, to collaboratively
facilitate the CO, cycloaddition reaction [59]. Yao group synthesized ZnO/N-doped carbon with pyridinic N using
which reached 76% yield of PC after 6 h with
simulated sunlight of 120 mw/cm? (about 68 <C). It was revealed that well-dispersed ZnO nanoparticles, pyridinic
of epoxide, CO, and promotion of ring-opening

Zn-ZIF-L as precursor by pyrolysis and oxidization treatment,

N and surface oxygen groups were beneficial for the activation
step of epoxides shown in Figure 9A [60].
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Figure 9. (A) Proposed reaction mechanism of COz cycloaddition reaction on ZnO/NCO-L. Reprinted with
permission from Ref. [60]; (B) Schematic illustration of synthesizing route of ZnS/NPC-X; Reprinted with
permission from Ref. [61]; (C) Catalytic mechanism of CTS-800 for CO2 cycloaddition reaction. Reprinted with
permission from Ref. [52]. (D) Possible catalytic reaction mechanism of ZNCs. Reprinted with permission from
Ref. [51]. Copyright Elsevier.

Besides ZnO, as shown in Figure 9B, other composites with superior surficial acid-basic properties have also
been integrated with carbon to constructed photothermal catalysts. Niu et al. creatively used the Bovine serum
albumin (BSA) to coordinate Zn cation to synthesize protein-Zn(II) networks, which was then converted to N-
doped porous carbon-supported ZnS (ZnS/NPC-X) by pyrolysis under N. flow. The excellent catalytic
performance for CO; cycloaddition under light illumination can be attributed to the hierarchical porous structure,
high photothermal efficiency, and a wealth of Lewis acid/base sites. ZnS/NPC-2 achieves as high as yield of 98%
and 89.6% under full-spectrum irradiation with 152.5 mW/cm? and natural sunlight, respectively (Figure 9C) [61].
Xu etal. prepared a photothermal catalyst of TbN4B-/C with B and Tb functionalized interconnected hollow carbon
spheres via mesoporous SiO; high-temperature pyrolysis method. TEM and XAFS confirmed that Tb still existed
in the form of a single atom. The Lewis acidity and valence state of Th were enhanced by introducing of B element,,
which synergized with photoinduced charges to enhance ring-opening of epoxides and improve efficiency of
photo-induced thermal-catalysis [62].

Based on the example given above, as the substrate of photothermal catalyst, carbon can enhance the
absorption efficiency of light and convert it into heat energy. Doping other elements can further improve the
efficiency of light adsorption and thermal conversion. Building on this, catalysts created by incorporating single
atoms or other components onto carbon materials will enhance the Lewis acid and base sites, thus boosting the
efficiency of CO, thermocatalytic epoxidation.

2.2. POMs (Polyoxometalates)

POMs, a class of metal oxide clustered anions, have received widespread attention in CO, photo-induced
thermal-catalysis due to their structural diversity and specific electronic properties. The charges generated by
photoexcited POMs can participate more effectively in the reaction with the assistance of heat. At the same time,
the heat energy generated by adsorption light can promote the adsorption and activation of reactants, reduce the
energy barrier of the reaction, and realize the synergistic effect of light and heat [63]. Recently, much efforts have
been made to explore composite of POMs with semiconductors, metal nanoparticles, carbon materials, etc. For
example, as shown in Figure 10, Peng first designed and synthesized phosphomolybdic acid modified ferrocene
zirconium fluoride (PMo1.@Zr-Fc) metal organic frameworks (MOFs) nanosheets (PMo:1.@Zr-FCMOFs). It
showed an 88.05% yield of styrene carbonate under light intensity of 0.4 W/cm?for 8 h without additional heating.
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The excellent catalytic activity of PMo1.@Zr-FCMOFs was ascribed to the excellent photothermal properties of
Lewis acidic of PMos, and Zr-Fc MOFs nanosheets [64]. Niu et al. combined Keggin-type [BW12040]%"
polyoxometalates (POM) and amine catalysts to form a polymer based on naphthalimide (NDI) (Cow DPNDI
PYI). The polymer demonstrates significant activity for the cycloaddition of CO, and epoxides under mild
conditions (0.1 MPa CO,, <70 °C) without the need for any cocatalysts, owing to the synergistic effects of Lewis
bases at DPNDI and PY] sites, cobalt (1) Lewis acid sites, and POM Brensted acid sites [65]. Wu et al. designed
Co or Ce substituted POM cluster on GO with covalently grafted polyethyleneimine (PEI). The obtained
POMs@GO-PEI exhibited local NIR photothermal effect, Lewis acid and base for CO; cycloaddition reaction.
Under milder conditions, conversion of 98.9% for epoxide and selectivity of 99% for carbonate were achieved
within 4 h, with a maximum TOF of 2718 h™! [66]. Just recently in 2024, Wang et al. encapsulated PV;W1o
nucleophilic groups (Br-) and PV;W1o anions ([PV2W10040]>") in COFs nanocage due to electrostatic interactions.
The obtained catalyst PV,W10@EB-TFP solved the problem of lack of active sites in COF and simplified the
reaction system. The catalyst PV, W1c@EB-TFP exhibited a large specific surface area and numerous dispersed
active sites, leading to a conversion rate of 97.63% and selectivity of 100%. This work indicated that POM@COFs
is a promising photothermal catalytic nanoreactor for CCR [67].
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Figure 10. (A) Synthesis route of PMo12@Zr-Fc MOF; (B) Reaction mechanism of CO2 cycloaddition on
PMo12@Zr-Fc MOF. Reprinted with permission from Ref. [64], Copyright 2021 Elsevier.

2.3. MOFs (Metal Organic Frameworks)

Metal-organic frameworks (MOFs) are a type of porous material made up of metal-containing nodes and
organic linkers. Their high porosity and tunable composition have led to their extensive application in areas such
as small molecule screening, separation, catalysis, and adsorption [68-71]. Meanwhile, MOFs have always been
regarded as excellent catalysts for CO, conversion, and many outstanding works have been done in thermal
catalytic conversion of CO, by MOFs to synthesize carbonates [72-74]. Some excellent reviews have also been
published [75-77], where we focus on the work of photothermal effects or photocatalytic cycloaddition reactions
based on MOF materials.

Nagaraja et al. synthesized a 3D supramolecular Mn (I1)-porphyrin MOF, which exhibited excellent catalytic
activity with LED lamps under mild conditions with a 100% PO conversion. They proposed that the visible light
absorption properties of porphyrin-Mn ligands generated superior catalytic activity, thereby enhancing the
photothermal effect and promoting the activation of Mn1 catalytic sites [78]. As shown in Figure 11A,B, Jiang et
al. directly synthesized Co;Noss@ZIF-67 by directly pyrolysis of ZIF-67, which showed superior activity
compared to that of sole ZIF-67 for photocatalytic CO, cycloaddition with epichlorohydrin. This promotion is due
to its high photothermal efficiency and effective activation of CO; [79]. Yao and Feng designed and prepared
carbonized melamine sponge (CMS)@ MOFs (ZIF-8-NH; and MIL-88-NH). CMS featured a highly porous
structure, a significant amount of nitrogen atoms, and excellent photothermal properties. In contrast, MIL-88-NH>
(Figure 11C,D) and ZIF-8-NH; exhibited various acid-base characteristics. Therefore, a significant yield of 96%
for cyclic carbonate at mild conditions was achieved for CMS@MOF. Wang et al. integrated TisC,TxMXene with
bimetallic Zn/Fe ZIF through in-situ growth method to synthesize ZnxFe -ZIF/MXene. The interaction between
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MOFs and MXene expanded the optical absorption range and effectively prevented the stacking of MXene.
ZnyFei-ZIF/MXene was subjected to epoxy chloropropane cycloaddition reaction and exhibiting enhanced
activity (96% yield) (1 atm CO,, 350 mW/cmy, 6 h) [80]. Yuan et al. fabricated a multicomponent MOF Zr-TFT-
L1-L3 for efficient photothermal conversion of CO; to cyclic carbonates, which were ascribed to the Lewis acidic
characteristic of Zr** sites, the nucleophilicity of iodide, and the photothermal property of tetrathiafulvalene (TTF)-
naphthalene diimide (NDI) centers pairs [81]. Tu et al. prepared Fe2Co@BPDC with a spindle-shaped structure
by introducing bimetallic and organic ligand BPDH. The experimental results indicated that the concentration of
active sites and oxygen vacancies in the Fe2Co@BPDC catalyst increased, ultimately leading to a yield of cyclic
carbonates as high as 92% under ultraviolet light irradiation at 70 <C and atmospheric pressure [82].
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Figure 11. (A) Proposed reaction mechanism of CO2 cycloaddition over ZnzxFei-ZIF/MXene; (B) Synthesis
diagram of ZnxFey-ZIF/MXene. Reprinted with permission from Ref. [80]; (C) Proposed catalytic mechanism of
CO:z cycloaddition on CMS@MIL-88-NHz; (D) The synthesis process of CMS@MOFs. Reprinted with permission
from Ref. [83], Copyright 2024 & 2022 Elsevier.

2.4. COFs (Covalent Organic Frameworks)

Covalent organic frameworks (COFs) are a newly developed category of porous organic crystalline materials
that have garnered significant interest because of their promising applications in catalysis [84-86]. In addition, as
shown in Figure 12, compared to MOF, their high thermal stability compared to MOF and controllable pore
structure are more conducive to the diffusion and transport of CO; and epoxy compounds, making it easier for
reactants to approach the catalytic active sites, thus enhancing the corresponding catalytic reaction rate. Dong et
al. designed and synthesized a three-in-one catalyst COF-P1-2 consisting of metalloporphyrin, imidazolium ionic
liquid, and quinoline. A yield of 99% for the cycloaddition reaction between epichlorohydrin and CO, was
achieved under visible light irradiation, attributed to its photothermal conversion capability and selective CO,
adsorption. To our knowledge, this makes COF-PI-2 the first instance of a photo-thermally driven CO;
cycloaddition [87].
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Figure 12. Schematic illustration of metalloporphyrin and ionic liquid-functionalized covalent organic frameworks
COF-PI-2 for catalytic CO2 cycloaddition. Reprinted with permission from Ref. [87], Copyright 2021 American
Chemical Society.

2.5. ILs (lonic Liquids)

lonic liquids (ILs) are molten salts composed of large asymmetric organic cations and inorganic anions. I1Ls
possess intrinsic properties such as excellent solubility and adsorption capacity, structural variety, non-
flammability, a broad electrochemical window, and high ionic conductivity, which contribute to their extensive
applications [88-90]. Imidazole ILs have been extensively developed to promote electrocatalytic CO, reduction
as an attractive alternative to traditional electrolytes/solvents. The research interest in imidazole ILs mainly stems
from their catalytic activity in activating COy, in addition to their excellent CO, adsorption capacity. Many related
works emphasized the role of imidazole ILs as co catalysts. Jing et al. invented a method for preparing IL/Co-bCN
nanocomposites by anchoring ILs and cobalt single atoms onto carbon nitride nanosheets. The optimized IL/Co-
bCN nanocomposite exhibited nearly 100% CO selectivity for CO, reduction under UV-vis light irradiation. I1Ls
extracted electrons and promoted CO- reduction, while cobalt single atoms captured holes and promoted water
oxidation [91]. Zhang et al. developed a super crosslinked mesoporous poly(ionic liquids) combined with nickel-
based bamboo-like nitrogen-doped carbon nanotubes (BNCNT) to create Ni-BNCNTs@HMPs-NH; for CO;
cycloaddition. Ni-N-C sites, imidazole-derived poly (ionic liquids), carbon nanotubes, and plasma nickel
nanoparticles functioned as Lewis acid sites, nucleophiles, and units for photothermal conversion, respectively.
Most importantly, the photoexcited charges generated by the irradiation of Ni-N-C would promote rate limiting
step of reaction (Figure 13) [92].

Relative energy (eV)

ONN@CO®OONOBrCH

Thermal-driven reaction

Photothermal-driven reaction

Photocatalysis

Reaction pathway

Figure 13. (A) Proposed mechanism of cycloaddition reaction between CO2 and epoxide on Ni-BNCNTs@HMPs-
NHz; (B) Relative energy diagram for Ni-BNCNTs@HMPs-NHz under different conditions. Reprinted with
permission from Ref. [92].
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2.6. Other Photothermal Materials

In addition to works systematically discussed above, other excellent photo-to-thermal material induced by
Localized surface plasmon resonance (LSPR) are also employed to utilize solar energy to drive cycloaddition of
CO, with epoxide. Wu et al. successfully synthesized flower-shaped Co,C for the first time, demonstrating
remarkable catalytic performance in producing cyclic carbonates under blue LED (A = 450 nm) irradiation,
achieving yields as high as 95%. They proposed that, besides having outstanding photothermal conversion
capabilities, the Lewis acid sites on the surface cobalt atoms could also activate CO, and epoxides, thereby
improving the catalytic efficiency of CO; cycloaddition reactions (Figure 14A) [93]. Peng et al. developed CO,-
philic ferrocene-based porous organic polymers (Fc POPs) that achieved a cyclic carbonate yield of 94.7%. This
was ascribed to the synergistic effect between Lewis acid-base interactions and intermolecular forces within the
Fc POPs. It was worth noting that it even exhibited excellent performance in diluted CO; (15 vol%) with a yield
of 93% (Figure 14B) [94].
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Figure 14. (A) lllustration of photothermal CO: cycloaddition reaction catalyzed by Co.C. Reprinted with
permission from Ref. [93]; (B) The energy profile diagram of Fc-POP (red) and TPAPOP (green) for CO2
cycloaddition. Reprinted with permission from Ref. [94].

In summary, although photothermal conversion can drive CO, cycloaddition reactions without additional
heat input, there are still some problems that need to be solved: On the one hand, the photothermal mode is more
suitable for simple gas-solid-continuous reaction systems, while the CO, cycloaddition system is a gas-liquid-
solid-intermittent multiphase reaction system. Some reactant molecules may have boiling points much higher than
the photothermal temperature, and insufficient molecular thermal motion causes the epoxide molecules to not
collide with the catalyst sufficiently to achieve the ideal ring-opening effect. On the other hand, the Kirchhoff
radiation law (the ratio of the energy emitted by a body at thermal equilibrium to the energy absorbed by it is
independent of the properties of the body and only depends on the wavelength and temperature) shows that “hot”
matter with a higher temperature has a greater heat loss efficiency, the photothermal effect of the catalyst alone
cannot raise the temperature of the entire reaction system to the desired level. Furthermore, typical photothermal
materials are concentrated on a few representative materials, which are not necessarily excellent CO; cycloaddition
reaction catalysts. Light-heat conversion materials are introduced to raise the photothermal temperature, which
interfere with the photochemical pathway (such as exciton-phonon coupling, deep potential wells, and non-
radiative relaxation of photoelectrons).
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Table 2. Summary of related literatures on photothermal catalytic CO2 cycloaddition.

Entry  Type Material Cocatalyst  Light Source  Wavelength (nm) Intensity ~ Temperature (C) Time (h) Yield (%) Conversion (%) Reaction Rate Ref.
1 BHNC TBAB Full spectrum 300 mW em? 8 97 [50]
2 Carbo”'zﬁg}esa) Saponins - rpag UV-Vis light 350 MW €m2 80 24 99.9 99 [52]
3 NB-BC TBAB Xenon lamp 400 mW e¢m™2 6 99 [53]
4 Cal-CS-300 TBAB Xenon lamp 230 mW em2 6 97 92 [54]
5 Carbon- HPC-800 TBAB 300 W Xe lamp Full spectrum 300 mW em2 61 10 ~94 96 [56]
6 based Zn SA-NC TBAB Xenon lamp Full spectrum 300 mW e¢m~2 16 97 [57]
7 Al-Ng TBAB 400 W Xelamp  Full spectrum 400 mW e¢m~2 62 95 3.52mmol gth?t [58]
8 Zn-Asp-300 TBAB  Simulated sunlight 200-1100 80 4 92.2 96.3 [59]
9 ZnO/NCO-L TBAB  Simulated sunlight 120 mW em RT 6 76 [60]
10 ZnS/N-Carbon TBAB 300 W Xe lamp Full spectrum 1525 mW €m™ 65 12 98 [61]
11 TbN4B2/C TBAB 380-1200 400 mW em~2 6 87.9 739 mmol gt h?t  [62]
12 ZNC-800 TBAB 300 W Xe lamp Full spectrum 1000 mW €m~2 RT 10 93.3 [51]
13 PMo12@Zr-Fc TBAB  Simulated sunlight 400 mW em? 80 8 87 [64]
14 POPs CoW-DPNDI-PYI LED lamp 70 24 99 [65]
15 SiWCo@GO-PEI TBAB NIR light 808 1000 mW €m™ 4 98.9 [66]
16 PV2W10@EB-TFP TBAB LED lamp 350-780 540 mW €m= 64 4 97.63 [67]
17 MOF1 TBAB 3X18 W 24 ~100 [78]
18 MOF CMS@MIL-88-NH2 TBAB 300 W Xenon lamp 350 mW €m= 80 8 96 [83]
19 Co2Nos7@ZIF-67 TBAB 300 W Xe lamp 300 mW €m™ 66 3 95 [79]

20 ZnaoFe1-ZIF/MXene TBAB Xe lamp Full spectrum 350 mW €m= 6 96 96 [80]
21 COF COF-P1-2 TBAB 500 W Xenon lamp >400 80 mW ¢m™2 25 24 99 [87]
22 lonic IL/Co-bCN 300 W Xe lamp RT 206 umolg*h™*  [91]
23 liquids Ni-BNCNTs@HMPs-NH> 300 W Xe lamp 0.4 W ¢m™ 12 99 [92]
24 Other Co2C TBAB Blue LED 450 100 mW em 60 15 93.5 [93]
25  materials Fc POPs TBAB Natural sunlight 0.3Wem™ 88.7 8 94.7 [94]
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3. Photocatalysis

Photocatalysis employs light energy to drive chemical reactions. The principle of photocatalysis is to use
light energy to excite semiconductor photocatalysts, generating photogenerated electrons and holes. These
electrons and holes can further undergo redox reactions with reactants, thereby achieving the process of converting
light energy into chemical energy. So far, finding suitable and efficient catalysts remains the most critical step in
research. Since 2018, there have been many articles on photocatalytic CO,, which aim to achieve carbon neutrality
through photocatalysis by designing different types/types of catalysts (Table 3) [95-98]. The primary processes in
the photocatalytic synthesis of cyclic carbonates from CO- and epoxides involve photoexcited semiconductors and
photocatalytic reactions. When photocatalysts are excited by light, photogenerated charge carriers separate to
produce photogenerated electrons and holes. Electrons generated by light can activate CO,, transforming it into
CO; anions. At the same time, photoinduced holes function as Lewis acids to activate epoxides, making them more
prone to nucleophilic attack and subsequent ring opening. Furthermore, the reaction intermediates after ring-
opening undergo complete a closed loop reaction with CO, anions to obtain the corresponding product cyclic
carbonate [99].

3.1. Single Atom Catalysts

As a Representative work, Tan et al. reported a two-dimensional (2D) monolayer ZnlIn,S, (Z1S) nanosheet
composite material (Co-s-ZIS) modified with cobalt (Co) single atom (SA) and Co and Zn dual active centers
immobilized with epoxides under visible light. By enhancing the presence of dual active functional groups and
facilitating carrier separation, the interaction between epoxides and CO, was effectively adsorbed and stimulated.
Furthermore, the energy barrier for CO, was further lowered due to the synergistic oxidation involving
photoexcited electrons and holes. Experiments indicated that 2% Co-s-ZIS served as the most effective
photocatalyst, achieving an epoxide conversion rate of 7.21 mmol g~ h™!, which is 3.5 times greater than that of
the original ZIS, as illustrated in Figure 15A,B [100].
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Figure 15. (A) (a) Synthesizing route of Co-s-ZIS. (b) AFM; (c,d) HRTEM; (e) HADDF-mapping images; (f-h)
AC-HAADF-STEM images of Co-s-ZIS. (B) Diagrams of free energy and the suggested reaction mechanism for
photocatalytic CO2 cycloaddition on Co-s-ZIS are presented. Reprinted with permission from Ref. [100], Copyright
2023 American Chemical Society.

3.2. Heterostructual Composite

The first application of photocatalysis in CO- cycloaddition was published in 2018, when Suman Lata Jain
et al. first attempted to synthesize cyclic carbonates with CO and epoxides under visible light irradiation with
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CoPc (cobalt phthalocyanine)/TiO; photocatalyst. Using a white cold LED as the light source (A > 400 nm), the
optimal CoPc/TiO, photocatalyst yield reached 94% at room temperature (RT) and latm CO, for 24 h. They
proposed that the photo generated electrons of CoPc tended to reduce the absorbed CO, to €O,", and the HOMO
of CoPc accepted electrons from epoxides, which were converted into epoxide radical cations. Next, the steps of
Br-anion completed nucleophilic attack, PO ring opening, CO; insertion, and ring closure were completed, paving
the way for photocatalytic CO, technology [101]. Ahmed Alzamly et al. further prepared BiNbO4/r-GO visible
light catalyst by hydrothermal method. When BiNbO4/5% r-GO was used as the photocatalyst, the yield of 65%
was achieved under visible light illumination. They believed that efficient suppress of charge carriers’
recombination induced a large number of free radicals participating reaction [102].

In addition, as shown in Figure 16, carbon nitride (CN), as a star molecule, has attracted widespread research
interest in photocatalytic CO, cycloaddition reactions due to its inherent semiconductor properties and easy
adjustability. Huang et al. employed plasmon effect to design g-CsN4#/Ag (ACN-AQ), which presented excellent
activity of CO, cycloaddition. Amino-grafted ACN improved CO, chemisorption, and the transfer of photoexcited
electrons from ACN to Ag generated high-energy electrons that activated propylene oxide [103]. Srivastava et al.
prepared a Zr-thiamine modified carbon nitride (Zr-Thia/g-CN) catalyst through the pyrolysis of Zr-thiamine
combined with urea.The Zr-Thia/g-CN) catalyst showed good catalytic performance under traditional thermal
catalysis as well as simulated light [104]. Tsiakaras et al. found W15O49/g-C3N4 exhibited PC yield up to 74% for
CO; cycloaddition under AM 1.5 G irradiation. It was proposed that photoinduced electrons and Lewis acid-base
sites were responsible for superior activity [105].
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Figure 16. (a—d) Yield of PC under various reaction conditions; (e) Recycle stability of ACN-Ag2; () Yield under
single wavelength light illumination; (g) Ea values; (h) Free energy diagram; (i) In situ EPR spectra of ACN—Ag2
under dark and light conditions. Reprinted with permission from Ref. [103], Copyright 2022 American Chemical
Society.

Metal particles also have been found efficient for photocatalytic cycloaddition of CO,. Gao et al. designed
Pd nanoparticles implant on carbon vacancies of g-CsN4 nanotube to obtain Pd/SCNT500 catalyst, the enhanced
CO; cycloaddition efficiency can be ascribed to unique morphology and optimized carbon vacancies based Pd
coordination environment [106]. Pd and Pt nanoparticles have also been found useful for visible light-induced
reaction by exploration of Pt//TiO./MWCNT and Pd/TiO2/MWCNT photocatalysts. The catalytic activities were
in sequence as follows: Pd/TiO./MWCNT > Pt//TiO2/MWCNT > TiO/MWNT > TiO, [107].

The rare earth metal compounds have also been found to exhibit excellent catalytic performance in
photocatalytic CO- cycloaddition reactions. Alzamly et al. prepared BiLnO3 (Ln = Sm, Eu, Tb, Er and Ho) by sol-
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gel methods. They found that BiHoO3 exhibited the highest epoxides conversion and yields of cyclic carbonate.
Based on this, it is proposed to use lanthanide metal or bismuth as the Lewis acid nodes to break C-O bond of
epoxide [108]. CeO, have also been explored as a photocatalyst. The S-scheme CdS-CeO; photocatalyst showed
the highest yield of 96% and 99% selectivity of chloropropyl carbonate, respectively [109].

3.3. Metal Oxide Clusters

Crystalline metal oxide clusters (MOCs) represent a category of distinct molecular metal oxides, varying in
size from small molecules to nanoparticles (NPs). They exhibit superior photocatalytic activity and Lewis acidity
compared to traditional metal oxides, and can achieve outstanding catalytic active centers through meticulous
control of their atomic structure. The titanium-oxide clusters (TOCs) attract academic attention due to its similarity
to TiO2 nanoparticles [110,111]. For example, by designing the composition, size, and surface structure of atomic
clusters reasonably, adsorption and activation of CO, and epoxides can be improved, thereby promoting the
progress of cycloaddition reactions. Wang group conducted much excellent work in this field. As shown in Figure
17A,B, Wang team developed and synthesized a TiisBisO20Bzs (where Bz stands for benzoate) cluster.
Characterization results indicated that the S-scheme heterojunction created by the Ti;s02, and BisO7 components
greatly enhanced the reduction capability of photo-generated electrons as well as the spatial separation of photo-
generated carriers. Based on such merits, excellent cyclic carbonate yield was obtained by S-scheme
Ti18BisO2Bz2s [112]. Guided by such idea, they continuously explored a series of titanium-oxide cluster
photocatalysts for CO, cycloaddition, such as (HsO) @Ti-Cris and Cs@Ti;Cry4 (Figure 17C,D) [113]. In addition,
they designed five doped titanium-oxide cluster Ti;oM2 (M = Cd, Pb, Ba, Sr, Ca), which showed catalytic activity
in following order: TiwCd, > TiePhy > TioBaz > TiyoSr, > TiwCaz [114]
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Figure 17. (A) (a) Ti1sBis model; (b) TisOz2s host shell; (c) BisO7 cluster; (d) TisOzs shell stabilizing the BisO7
cluster; (B) proposed photocatalytic mechanism on TiisBis; Reprinted with permission from Ref. [112]; (C) The
top view and side view of TizCru4 as well as its hierarchical illustration; (D) proposed photocatalytic mechanism
on Cs@Ti7Cr14/(H3O)@Ti7Cri4. Reprinted with permission from Ref. [113], Copyright 2022 American Chemical
Society.
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3.4. MOFs (Metal Organic Frameworks)

MOFs have the potential to serve as photocatalysts for CO, conversion because of their intrinsic porous
structure and chemical makeup, along with a high specific surface area, significant CO; adsorption capacity, and
adjustable active sites [86]. Significant efforts have been made to design various MOFs to drive cycloaddition
reaction whether by photothermal we discussed above or sole photocatalysis discussed below. We will classify
and summarized the sole photocatalysis of MOFs based on the types of core metal atoms.

(1) Ti MOF

Alzamly et al. chosen NH>-MIL-125 (Ti) as a platform to synthesize BiNbO4/NH,-MIL-125 (Ti) and
FeNbO4/NH,-MIL-125(Ti) photocatalysts, which exhibited good activity for photocatalytic CO, cycloaddition.
The photogenerated electrons of Ti MOF tended to promote the oxidation-reduction of Ti (IV)-Ti (l1l), thereby
inducing the single electron reduction of CO,. The photogenerated holes were prone to adsorb epoxides and
convert them into cations [115,116].

(2) Zn MOF

Lutakov and colleagues developed a heterostructured material composed of plasma-active copper
nanoparticles and Zn Glu, demonstrating high efficiency in photocatalytic reactions involving various epoxides.
They proposed that hot holes generated by plasma excitation could activate the epoxides that are adsorbed on the
surface of Cu/ZnGlu [117].

(3) Ce MOF

M. Kirillov et al. synthesized cerium (I1I) MOF NH>-Ce-MUM-2, which achieved yield of 99% for cyclic
carbonate. The structure-activity relationship study showed that the acid-base characteristic, free amino in linker
and Ce nodes contributed to the enhancement of performance [118]. Roy et al. compared CO; cycloaddition and
CO;, photoreduction catalytic reactions on Ce-BDC and Ce-BDC-NH,, and concluded that Ce-BCC-NH; exhibited
greater catalytic activity than Ce-BDC during the CO; fixation process because of the ideal quantity of Lewis acid
sites provided by Ce®* and Ce** [119].

(4) Fe MOF

Liu et al. synthesized a semi-amorphous Fe-BTC material that exhibits effective photocatalytic activity for
the CO; cycloaddition reaction. They suggested that the electrons and holes generated by light excitation play roles
in activating CO. and epoxides, respectively [120]. Huang and colleagues prepared two ferrocene-derived MOFs,
Fe-FcDC and Al-FcDC. They suggested that the enhanced catalytic performance of Fe-FcDC was due to a longer
metal-to-ligand-to-metal charge transfer (MLMCT) pathway and an extended carrier lifetime [121]. Zhang et al.
developed a new two-dimensional porphyrin-based MOF, Fe-DBP(Co), demonstrating outstanding performance
of 103.2 mmol-g'-h™'. This phenomenon was ascribed to the movement of photoelectrons from CoDBP ligands
to Fe clusters, coupled with the generation of Fe(ll) and Co(lll) resulting from the effects of electrons and holes,
respectively [122].

(5) Mn MOF

Alzamly et al. developed a manganese-based MOF, UAEU-50, which attained a 90% yield of cyclic
carbonates during photocatalytic CO conversion under visible light illumination. They also suggested that the
electrons generated by light excitation aided the cycloaddition reaction, while the photogenerated holes in UAEU-
50 enhanced the ring-opening process of epoxides [123].

(6) Co MOF

Carrasco et al. prepared Hf/porphyrin-based metal-organic framework PCN-224 (M) (M=H, Co), which
displayed the best performance for CO, cycloaddition reactions with epoxides. This performance can be linked to
several factors, including structural stability, reduced cluster coordination, enhanced diffusion of reagents, and
interactions with coordinatively unsaturated sites (CUS). Additionally, the greater oxophilicity of Hf** in the
structure and the synergy between the Brensted acid properties of the Hf** cluster and the Lewis acid characteristics
of Co?* also contribute to this effect [124].

Liang et al. synthesized layered columnar porphyrin-based metal-organic frameworks (Co-PMOFs) with a
double-interpenetrated network structure. By combining photosensitive groups and regulating the structure, they
exhibited high activity towards large-sized substrates. Under photocatalysis, most epoxides could be nearly 100%
converted into cyclic carbonates within 6 h under mild conditions, and the materials had good stability [125].

(7) Zr MOF
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Huang et al. introduced Zn or Ce into UiO-bpydc to obtain UiO-bpydc (M), where M = Zn or Ce. UiO-bpydc
(Zn) displayed good performance for CO cycloaddition. It was proposed that incorporating Zn not only effectively
activated propylene oxide but also improved the ligand-to-metal charge transfer (LMCT) process [126]. Huang
and Liu et al. incorporated a Lewis acid Bi atom into the porphyrin ring of MOF PCN-224 to create Bi-PCN-224.
The LMCT process generated by light excitation promoted the electron transfer from Bi to Zr, followed by the
reduced Zr** to Zr®* subsequently. Such photophysical process activated CO, and photogenerated holes were
beneficial to the epoxide ring-opening step [127]. Huang and Liu et al. created a boron-doped zirconium-based
MOF, UiO-67-B, which showed improved light absorption and an enhanced ligand-to-metal charge transfer
(LMCT) process when subjected to light irradiation. In addition, boron provided adsorption sites for CO; activation
and avoided competition adsorption of epoxide on zirconium. Consequently, a notable yield of 372 uL of
propylene carbonate can be achieved with UiO-67-B after 6 h of light exposure [128].

(8) Mg MOF
Xie et al. took Mg-MOF-74 to explore the mechanism of cycloaddition between CO, with epoxide. They
showed that the photoinduced single-electron transfer from Mg-MOF-74 to CO;, facilitated the formation of

the CO; radical, which was verified by in situ ESR spectroscopy results. Consequently, Mg-MOF-74 exhibited
excellent photocatalytic performance (~97% yield) for CO, cycloaddition under ambient conditions (Figure 18) [129].
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Figure 18. (a,b) In situ EPR of Mg-MOF-74 under CO2 and PO atmosphere; (c,d) adsorption configuration and
charge density difference of CO2 and PO over Mg-MOF-74. Reprinted with permission from ref. [129], Copyright
2023 American Chemical Society.

(99 UMOF

Shi et al. introduced potassium ions to enhance framework interpenetration, which in turn increased the
stability of the uranium-based porphyrin MOF IHEP-9, exhibiting remarkable thermal stability up to 400 <C. The
IHEP-9 showed good catalytic activity for CO cycloaddition under visible light illumination. They proposed
photogenerated electrons and photogenerated hole activated CO, into free radical CO,~ and promoted the epoxide
converting into epoxide radical cation, respectively [130].

(10) In MOF

21 of 36



Sci. Energy Environ. 2025, 2, 1 https://doi.org/10.53941/see.2025.100001

Zhai et al. incorporated a single vanadium site into the isostructural In-MOF to synthesize SNNU-97-InV.
The significant CO; adsorption capacity and the broadened light absorption spectrum of SNNU-97-InV allowed it
to effectively transform at least six types of epoxides into carbon compounds using CO,. [131]. Zhang et al.
fabricated amorphous MOF (NH,-MIL-68), which achieved yield of 94.1% for styrene carbonate within 12 h for
photochemical cycloaddition of CO, with styrene oxide. The open metal sites, hierarchically meso- and
microporous structure and the increased carriers’ separation efficiency of NH,-MIL-68 were all beneficial for
reaction [132].

(11) Cu MOF

Zhang et al. constructed a Cu-based MOF catalyst named CuTIA. Its large specific surface area and abundant
acid-base sites enable it to serve as a bifunctional catalyst, exhibiting excellent performance in photocatalytic CO;
reduction and cycloaddition reactions. It provides a new perspective for the design of highly efficient and selective
MOF-based catalysts for CO, conversion [133].

3.5. COFs (Covalent Organic Frameworks)

Covalent organic frameworks (COFs) are a type of crystalline porous material featuring adjustable band gaps,
extensive conjugated structures, and improved visible light absorption capabilities. These properties enable them
to facilitate various photocatalytic reactions, including water splitting, nitrogen fixation, hydrogen peroxide
synthesis, and organic synthesis, among others [134,135]. However, the limited number of building units, few
active sites, and single-pore environment greatly restrict the efficiency of non-homogeneous catalytic reactions.
Lei et al. attempted to prepare layered core-shell COFs with micro- and mesopores through rational structural
design to improve the efficiency of non-homogeneous catalytic reactions. As shown in Figure 19, Lei et al.
designed and synthesized a core-shell hierarchical pores material OH-P [5]-on-COF by “Macrocycle-on-COF”
strategy with abundant of CO; adsorption sites. OH-P [5]-on-COF achieved conversion of 99% with the assistance
of light within 3 h, exceeding previously reported COFs. Significantly, in this study COFs was used for
photocatalytic cycloaddition of CO; for the first time. They demonstrated that the combined influence of photo-
generated excitons, the multiple hydrogen bond effect, and bromide ions acting as nucleophiles facilitates the
efficient progression of light-driven cycloaddition reactions under ambient conditions [136]. CTFs are a new type
of COFs with good chemical and thermal stabilities. Zhang et al. designed a photocatalyst based on
metalloporphyrin covalent triazine frameworks (Por-CTFs), which exhibits excellent catalytic performance for
substrates with smaller groups [137].
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3.6. POPs (Porous Organic Polymers)

Porous organic polymers (POPs) are constructed by connecting various functional organic units through high-
energy covalent bonds using a wide range of organic synthesis methods. POPs have recently emerged as a powerful
species of heterogeneous photocatalysis. The structure of POPs is easily regulated due to the diverse construction
units. Consequently, POPs represent an excellent option for CO, adsorption and catalytic conversion because of
their large surface area, remarkable stability, and tunable chemical functional groups [94,138-140]. Mondal et al.
designed conjugated Zn-metalated POP (Zn@MA-POP), which showed excellent performance in CO;
cycloaddition reaction. The enhanced light absorption capacity, adjustable bandgap and the Zn core (ZnN204)
active sites in Zn@MA-POP contributed to solar light-driven reaction shown in Figure 20 [141].
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Figure 20. Schematic illustration of photocatalytic CO2 cycloaddition on Zn@MA-POP catalyst. Reprinted with
permission from ref. [141], Copyright 2022 American Chemical Society.

In summary, the above research results confirm that the photocatalytic mechanism promotes the ring-opening
and CO; activation of epoxides in the photocatalytic pathway. Introducing a photocatalytic mechanism to regulate
the reaction pathway is feasible. This brings new opportunities for CO; ring addition reactions under mild
conditions. However, it should be noted that the limited improvement in catalytic reaction efficiency achieved by
simply altering the reaction pathway through photocatalysis is currently not comparable to the efficiency of most
thermal catalysis reactions [142].
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Table 3. Summary of related literatures on photocatalytic CO cycloaddition.

Entry Type Material Cocatalyst Light Source Wavelength (nm) Intensity Temperature (T) Time (h) Yield (%) Conversion (%) Reaction Rate Ref.
1 Single atom Co-s-ZIS TBAB Visible light >420 25 24 96.12 7.21mmolgth? [100]
2 Ga-CsNg TBAB 500 mW €m~2 365 65 12 >90 [143]
3 CoPc/TiO2 TBAB 20W LED >400 25 24 94 96.7 [101]
4 BiNbO4/r-GO TBAB 300 W Halogen lamp 80 24 65 [102]
5 ACN-Ag TBAB 300 W Xenon lamp Full spectrum 0.6 W €m™ 15 6 177.6 mmol g* [103]
6 Zr-Thia/g-CN DMAP 250 W Hg lamp 25 24 96 [104]
7 Composite  Wi1s049/g-C3N4 TBAB 300 W Xenon lamp RT 4 74 271 mmol gt h™t  [105]
8 Pd/SCNT500 TBAB Blue LED lamp 460 0.75W e¢m™? 24 97 [106]
9 Pd/TiO2/MWCNT LED lamp >400 25 1 86-98 [107]
10 BiHoOs TBAB 400 W halogen lamp 340-850 RT 24 98 [108]
11 CdS-CeO2 TBAB 300 W Xenon lamp 23-27 24 96 [109]
12 Atomic Ti18Bis020Bz26 TBAB 300 W Xenon lamp RT 14 >99 100 [112]
13 Cluster Cs@Ti7Cr4 TBAB Xe lamp 80 3 >99 100 [113]
14 TiwCd2 TBAB Visible light 80 1.5 >99 100 [114]
15 B”\ig?(/#;jszo;stIL TBAB 300 W Halogen lamp 80 2 74 [115]
16 &?LN%;%))/ (’le;;) | TBAB 500 W Halogen lamp 75 72 52 [116]
17 BioMOF TBAB LED 595 0.38 W ¢m™? RT 24 81 86 [117]
18 NH2-Ce-MUM-2 TBAB 50 2 93 [118]
19 Ce-BDC-NH: TBAB RT 48 97.1 [119]
20 Fe-BTC TBAB 30 W Blue LED 460 RT 6 90 [120]
21 FeOs MOF TBAB 300 W Xe lamp 4 74.2 [121]
22 Fe-DBP (Co) TBAB 1000 W Xenon lamp Full spectrum RT 12 97.1 [122]
23 MOF UAEU-50 TBAB 400 W Halogen lamp 80 24 90 [123]
24 PCN-224 TBAB 24 24 98 [124]
25 UiO-bpydc (Zn) TBAB 300 W xenon lamp 15 6 115 mmol g! [126]
26 Bi-PNC-224 TBAB 300 W Xenon lamp 6 99 [127]
27 UlO-67-B TBAB Xenon lamp (300 W) Full spectrum RT 6 383 ul [128]
28 Mg-MOF-74 TBAB Full spectrum 200 60 12 97 [129]
29 IHEP-9 TBAB P \f’:’ 6500 K compact \ jiciyje Jight RT 12 >99 [130]
uorescent lamp
30 SNNU-97-InV TBAB 300 W Xe lamp 25 24 73.3 [131]
31 NHz-MIL-68 TBAB 300 W Xenon lamp 380-780 25 12 99 [132]
32 COF  OH-P [5]-on-COF TBAB LED lamp 20 3 99 [136]
33 POPs Zn@MA-POP TBAB 250 W Xenon lamp 25 8 91 [141]
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4. Photo-Thermal Synergistic Catalysis

4.1. Reactions without External Heating

In recent years, the synergistic effects of photothermal and photocatalytic effects have been integrated to
drive the cycloaddition reaction between CO; and epoxides. The key issue focuses on the design of dual active
sites with photothermal units and photocatalytic units. Single-atom catalysts, MOFs and ZnIn,S4 can be used as
photothermal synergistic materials with both photothermal response and photocatalytic activity. Zhang group
synthesized the single-atom catalyst Ti-CNO by incorporating titanium into carbon and nitrogen co-doped carbon
nanosheets, as illustrated in Figure 21. Under light irradiation and ambient pressure, the yield of styrene carbonate
achieved with Ti-CNO reached 98.3%, significantly surpassing the yield obtained with the original CN, which
was only 27.1%. The elevated photothermal effect induced by carbon nanosheets, along with the enhanced Lewis
acidity/alkalinity, have a significant contribution to the catalytic activity. Further investigation confirmed that the
Lewis acidic (Ti®") sites and basic sites of Ti-CNO generated styrene oxide'+ and CO,"~ under light irradiation,
respectively, which served as crucial intermediates in the reaction process [144].
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Figure 21. (a) NHs-TPD; (b) The optimized SO adsorption configuration on 13.3 Ti-CNO; (c) In situ FTIR spectra
of 13.3 Ti-CNO catalyst; (d) Possible catalytic mechanism of CO: cycloaddition on 13.3 Ti-CNO catalyst.
Reprinted with permission from ref. [144], Copyright 2024 John Wiley and Sons.

Regarding MOFs, Huang et al. developed and synthesized a two-dimensional framework called FeTPyP,
which demonstrated an impressive styrene carbonate yield of 106.13 mmol/(g h) when exposed to light irradiation.
In depth, they proposed that the superior catalytic activity was attributed to synergy between photocatalysis and
thermalcatalysis, which promoted the ring-opening of styrene oxide driven by ultraviolet light. Therefore, this
work clearly demonstrates that the integration of thermal catalysis and photocatalysis offers a novel alternative
strategy for designing efficient heterogeneous catalysts tailored for photo-induced CO- cycloaddition reactions
[145]. Liu et al. synthesized Bi-HHTP MOF with a zigzagging corrugated topology, which demonstrated
remarkable catalytic activity when irradiated with visible light. Furthermore, they proposed that the exposed Bi
sites and photogenerated holes acted as Lewis sites for reactants and oxidation sites for epoxide. The synergistic
effect of photocatalysis and photothermal effect promoted cycloaddition reaction [146].

Other novel composites like Zn ternary sulfide ZnIn,Ss have also been explored as photocatalytic
photothermal catalyst for CO, cycloaddition. Zhang et al. developed a 2D/2D ZnIn;S4/Zn-NC-T S-scheme
heterojunction composite using a low-temperature solvothermal technique. A cyclic carbonate yield of 98.8% was
achieved after 4 h of full-spectrum illumination. This outstanding performance was ascribed to the efficient
photothermal conversion enabled by the carbon matrix, along with the improved separation efficiency of
photogenerated charge carriers due to the heterojunction structure. Consequently, it has been established that both
photogenerated electrons and holes play significant roles in promoting the formation of ring-opening intermediates
from epoxides and enhancing the polarization of adsorbed epoxides [147].
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4.2. Reactions with External Heating

In other photothermal cocatalytic CO, cycloaddition reaction systems, both the photocatalytic effect of the
material itself and the external applied thermal energy are required to jointly promote the reaction. This may be
due to two considerations. On the one hand, separating light and heat will simplify the study of reaction
mechanisms in catalytic reaction systems, enabling a better understanding of the roles and effects of light and heat
in the reaction process [148-151]. On the other hand, the efficiency of thermal catalysis is significantly better than
that of photocatalysis. Therefore, the combination of external thermal energy and photocatalytic mechanism can
greatly improve the efficiency of photocatalysis and thermal catalysis.

For instances, Yang group prepared Znin,Ss nanosheets with highly exposed zinc sites (ZISe) (Figure 22A).
They found that the ZISe catalyst achieved a conversion rate of 92.3% and selectivity greater than 99% for the
cycloaddition of proepoxide (PO) with CO, when illuminated by blue LED light at a temperature of 80 <C. The
specific roles of photogenerated carriers were confirmed. The photoinduced hole and electron promoted the
coordination and polarization of adsorbed propylene oxide, leading to the creation of an electron-rich transition
state for propylene oxide. This marks the inaugural report on the thermo-photo-synergistic catalytic cycloaddition
of CO; using ZnIn,S4 [152]. Furthermore, as shown in Figure 22B, Yang et al. successfully produced ZnzIn,Se
containing sulfur vacancies (Sy), resulting in a 73.2% yield of cyclic carbonate at 80 <C when exposed to blue LED
light for 2 h. Due to the improved dissociation of excitons and increased efficiency in separating photoinduced
electron-hole pairs, electrons are likely to migrate to PO, resulting in an electron-rich state in the defective
Zn3In2Se-Sy. This process accelerated the rate-limiting step for CO; cycloaddition [153]. Zheng et al. employed a
unique flower-like iron-based complex (Fe@NTC), which achieved a yield of up to 93% under UV light at 80 <C.
The high activity was attributed to the presence of numerous active sites and excellent photothermal catalytic
properties [154]. They also explored CoFe,O.@PDA, CoFe;,0.@TPA catalyst in the same reaction and obtained
the identical conclusion [155].
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Figure 22. (A) (a) PC Yield of ZnIn2S4 and other catalysts for CO2 cycloaddition. (b) Calculated Ea for ZISe under
dark and light irradiation. (c) Performance comparison of ZISe and other reported catalyst. Reprinted with
permission from Ref. [152]; (B) Catalytic mechanism of Znsln2Se-Sv towards COz cycloaddition and adsorption
behavior of PO, COz over ZnsInzSe-Sv. Reprinted with permission from Ref. [153], Copyright 2023 Elsevier &
2024 American Chemical Society.

In summary, the synergistic catalysis of light-thermal simultaneously uses the photocatalytic and thermal
effects as driving forces to optimize the bottleneck steps of the ring addition reaction and improve the reaction rate
from different perspectives: First, the reactant molecules absorb thermal energy to overcome the higher reaction
activation energy, promoting the adsorption and desorption process of reactants and products. Second, the stability
of excitons is easily affected by temperature, and when the system temperature is close to or greater than the
exciton ionization energy, the exciton will decompose due to thermal excitation. The lattice thermal vibration
optimizes the exciton dissociation kinetics and the photo-generated charge carrier transport kinetics, improving
the exciton dissociation efficiency and the surface migration rate of photo-generated charge carrier. Third, thermal
energy is more suitable for complex gas-liquid-solid-intermittent multiphase reaction systems from the perspective
of reactant molecule collisions. Fourth, the “hot” charge carriers (electrons or holes) generated by exciton
dissociation in the photochemical pathway have high energy, which migrate at high speed under thermal driving
to the surface of the adsorbate’s LUMO to participate in the catalytic reaction. The efficiency of the ring addition
reaction can be promoted by regulating the reaction pathway (Table 4).
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Table 4. Summary of related literatures on photothermal synergistic catalytic CO2 cycloaddition.

Entry Type Material  Cocatalyst Light Source Wavelength (nm) Intensity  Temperature (<C) Time (h) Yield (%) Conversion (%) Reaction Rate Ref.
1 Ti-CNO TBAB 300 W Xenon lamp Full spectrum 2W<em? 88 6 98.3 [144]
2 No external FeTPyP TBAB 300 W Xenon lamp Full spectrum 5 92.1 530.67 mmol g* [145]
3 heating Bi-HHTP TBAB 300 W 18A Xenon lamp >400 6.4 <10%W ¢m2 62 3 >99 112 mmol gth*  [146]
4 ZIS/ZNC TBAB 300 W Xenon lamp Full spectrum RT 4 98.8 82.3mmol gth?t  [147]
5 ZISe TBAB Blue LED 446 100 mW €m~2 80 8 92.26 [152]
6 With external Zn3In2Ss TBAB Blue LED 380 36 mW ¢m2 80 2 73.2 [153]
7 heating Fe@NTC TBAB UV (250 W) 80 12 93 [154]
8 CoFe204s@PDA  TBAB 250 W UV lamp 10-400 60 6 96 [156]
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4.3. The Stability of Catalysts under Photo-Thermol Condition

Compared with the high temperatures in gas-solid photo-thermal catalytic reactions, the temperatures of most
photo-thermal catalytic reactions in complex gas-solid-liquid three-phase systems such as CO, cycloaddition are
below 100 degrees (Table 2). At such relatively low temperatures, the stability of the catalysts is mostly well
maintained. Jiang et al. obtained the HPC-800 catalyst with Zn single-atom coordination by calcining hollow ZIF-8.
Under the reaction conditions of 300 mwW em™2 full-spectrum light irradiation, a temperature of approximately 60
degrees was achieved. After three cycles of reaction, the authors characterized the bulk structure, micro-
morphology, and Zn single-atom dispersion state of HPC-800 and found no changes in the catalyst, indicating
excellent photo-thermal stability under these reaction conditions [56] (Figure 23A). Zhang and Rong et al. used
the Ti single-atom catalyst 13.3 Ti-CNO loaded on CN to drive CO; cycloaddition under photo-thermal conditions,
the reaction system reached an appropriate 88 degrees (2 W €m2). After 10 reaction cycles, no significant changes
were observed in XRD, morphology, and elemental chemical environment [144] (Figure 23B). Most of the other
photothermal catalysts (PV.W10@EB-TFP [67], Ni-BNCNTs@HMPs-NH, [92], PMo1.@Zr-Fc [64], and Bi-
based MOF (Bi-HHTP) [146]) either maintained good photothermal structural stability.
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Figure 23. (A) (a) The k3weighted Fourier transform (solid line) and the EXAFS R-space fitting curve (dotted
line) of the EXAFS spectra of Zn foil and HPC-800 after three reaction runs. (b) The HAADF-STEM image of
HPC-800 after three reaction runs. Reprinted with permission from Ref. [56]. (B) XPS analysis of 13.3 Ti-CNO:
(a) survey spectrum and (b) Ti 2p spectrum, both before and after catalytic reactions. Reprinted with permission
from Ref. [144].

5. Conclusion and Future Outlook

In summary, herein we summarized light-assisted CO, cycloaddition reaction from perspective of photo-
induced thermal-catalysis, photocatalysis and photocatalysis&photo-thermal synergistic catalysis. Various
advanced catalysts that can be driven by light, including single atom catalysts, MOFs, COFs and ILs etc. have
been elucidated systematically. Despite rapid development and significant progress, there are still some unresolved
issues that can be considered in future research in this field.
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(1) Itisamystery whether CO, can be reduced to its single electron reduction product CO; - by photo generated
charges;

In theory, the single electron reduction potential of CO, to CO, - radical locates at —1.9 V vs. NHE, which is
too negative to be achieved for potential of conduction band of common semiconductor. Therefore, some
researcher insisted that CO, cannot be reduced to CO. - during photo-(thermal)-catalytic in CO: cycloaddition
reactions. On the contrary, some researchers have confirmed the presence of CO; - intermediate by advanced in-
situ technology, such as DRIFTs and EPR etc. Therefore, in the following research, it is suggested to clarify this
dilemma to guide the in-depth exploration of catalytic mechanism.

(2) The specific rate-determining steps in the photo-(thermal)-catalytic CO, cycloaddition reaction remain
unclear.

The open-ring step of epoxide is rate-determining-step (RDS) in classical thermalcatalysis of CO;
cycloaddition. However, photoinduced carries tend to activate epoxide and CO,, and the RDS of light-assist
reaction maybe different from thermalcatalysis. Therefore, in following research it should pay much attention to
the clarify the clear catalytic mechanism and figure out the exact intermediates.

(3) The roles of photogenerated electron and hole photo-(thermal)-catalytic CO, cycloaddition reaction needs to
be clarified.

In photocatalysis, the photogenerated electron and hole act as reduction and oxidation sites, respectively.
Some researchers proposed that photoinduced holes and electron tend to activate epoxide and CO, respectively.
While other researchers found that photoinduced electron tend to activate both epoxide and electron. Thus, the
roles of photogenerated electron and hole should be clarified in further research.

(4) The yield of cyclic carbonate in photocatalysis should be improved largely.

Furthermore, the current yield of synthesizing cyclic carbonates through photocatalytic reactions is extremely
low, far lower than traditional thermal catalytic pathways. Therefore, in the future research work, external thermal
energy should be combined with photocatalysis to achieve satisfactory and industrial grade yields. The
development of corresponding new catalytic reactors is also urgently needed.
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