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A B S T R A C T   

Global warming due to greenhouse gases is a major current environmental threat. In today’s world those 
applicable technologies which convert CO2 into valuable and environmentally friendly fuels and chemicals are of 
great importance. Thanks to functional sites or guests embedded in the structure, metal organic frameworks 
(MOFs) show a superb potential for such a conversion that is even further enhanced in MOF composites. The 
present review discusses the use of MOF composites, with an emphasis on their constituent components, as 
catalysts for CO2 reduction, converting it into various value-added and environmentally friendly chemicals such 
as saturated and unsaturated hydrocarbons, carboxylic acids and carboxylates, and carbon monoxide. The pre-
sent review covers four major approaches for CO2 reduction, including electroreduction, photoreduction, pho-
toelectroreduction, and hydrogenation. All reports on the design and development of appropriate MOF 
composites to be used in the above-mentioned CO2 reductions have been considered. Finally, the future outlook 
on the use of MOF composites in CO2 reduction is provided, giving some ideas for further design highly efficient 
MOF composites capable of converting CO2 to value-added products.   

1. Introduction 

CO2 gas is generated in nature in several ways including volcanic 
gases, spontaneous combustion of organic compounds, respiration of 
aerobic organisms, as well as fermentation and cellular respiration of 
micro-organisms. In addition to the above-mentioned natural ways, CO2 
is also produced through different human activities on the planet, for 
example burning wood and fossil fuels. 

The concentration of atmospheric CO2 increases annually due to the 
massive human combustion of fossil fuels to generate energy. This ap-
pears to be an ascending trend which certainly poses a serious threat for 
our planet. Therefore, it is necessary to implement measures to minimize 
the CO2 emissions to the atmosphere by converting it into environ-
mentally friendly and valuable materials. Chemical reduction of CO2 is 
one of the approaches used for this purpose. Chemical reduction of CO2 
can be performed using various enerfy types for activation of the 

reaction, resulting in electrochemical reduction [1], photochemical 
reduction [2], photoelectrochemical reduction [3], and hydrogenation 
[4], the process yielding valuable products such as alcohols, carboxylic 
acids, hydrocarbons, etc. It is noteworthy that electrochemical, photo-
chemical and photoelectrochemical methods for reduction of CO2 have 
attracted special attention because of their usage of renewable energy in 
driving the reaction. As CO2 is a thermodynamically stable molecule, 
such reactions require an energy of 805 KJ/mol to break the double 
bond between carbon and oxygen atoms in CO2 [5]. Therefore, a catalyst 
reducing the energy barrier is needed. Various catalysts have been 
applied for this purpose including carbon materials, metal organic 
frameworks (MOFs), metal oxides and metal nanoparticles (NPs), etc. 
However, MOF composites have drawn the most attention due to their 
unique structural features of MOF including synthetic tailorability, large 
accessible surface area, high porosity, and reaction to light and heat and 
their compatibility with many other active components [6-15]. 
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Although there are several reviews published on the use of MOFs as 
catalysts in the above-mentioned processes for CO2 reduction,[16-18] 
all of them mostly focus exclusively on MOFs to achieve the catalytic 
activity. In comparison, the present review describes the activity of MOF 
composites to shedding light on how the constituting MOF composite 
components contribute to the CO2 reduction reaction, providing some 
concepts for the logical designing of MOF composites for catalytic 
purposes. 

Thus, the present review emphasizes the properties of MOF com-
posites acting as catalysts in reduction of CO2 through four different 
methods (electroreduction, photoreduction, photoelectroreduction, and 
hydrogenation), placing particular emphasis on the constituting com-
ponents of MOFs and describing the effect of each component on several 
variables within the above-mentioned methods. Some of these variables 
are: absorption of visible light, charge separation, absorption and acti-
vation of CO2 for photoreduction, conductivity for electroreduction, etc. 

In these composites, MOFs play and important role contributing to 
the overall catalytic activirty. As it is general in heterogeneous catalysis, 
all these processes benefit from materials having very large surface area 
accessible to substrates and reagents. In this regard, MOFs are currently 
among the solids with largest specific surface area, easily over 1000 m2/ 
g and with some reports indicating values well over 3000 m2/g, which 
are nowadays the record for any material in specific surface area. In 
addition to surface area, another positive requirement in MOFs is the 
presence of a large density of active sites. Given the composition of 
MOFs and the general catalytic activity of transition metal ions, most 
frequently over 30% of weight in the MOF, the density of actoive sites in 
MOFs is frequently much higher than in other alternative catalysts. In 
addition, it is not uncommon that the secondary building units consti-
tuted by metal ion clusters have exchangeable coordination positions 
not compromised in the construction of lattice that are available for 
interaction with substrates. Worthnoting also is the large vaiety of 
transition and main metal ions that can be used for the preparation of 
MOFs. In catalysis, these metal ions can participate in electron transfer 
processes taking place in electrochemical and photoelectrochemical 
reductions, but also in the most common photochemical mechanisms 
involving photoinduced charge separation. Besides redox reactions, the 
activity of metal ions as Lewis acids is important in conventional thermal 
catalysis and in this way, MOFs offer a wide range of possibilities 
regarding the type of energy (electrical fields, photons or heat) that can 
be used to promote the CO2 reduction. In a certain way, MOFs can be 
envisioned as an ordered array of transition metal complexes held in the 
positions of an open porous framework. Immobilization of the metal 
complexes is beneficial for their stability in catalysis since the most 
common deactivation mechanisms of these molecular complexes con-
sists in their dimerization and aggregation, becoming insoluble and 
inactive during the reactio. The high empty volume and large porosity of 
MOFs is also a beneficial factor compared to other possible porous cat-
alysts, such as zeolites or structured aluminosilicates, since MOFs pre-
sent much larger pore volumes. 

The present review also presents various discussions on the product 
(s) obtained from reduction reactions according to the specified factors 
in the mentioned four approaches, for example turnover frequency 
(TOF), turnover number (TON), and the ratio of net absorption of CO2 to 
the rate of product evolution (AQF) for photoreduction; current density, 
Faradaic efficiency and overpotential for electroreduction; etc. 
Regarding product analysis, one remark that is extremely important is 
how to ensure that the products derived from CO2 reduction and not 
from MOF ligand decomposition or any other organic component or 
impurity present in the system. This issue is particularly relevant since in 
most of the cases, TONs are low and the amount of product that is 
formed is commensurate with the catalyst weight. The safest way to 
address the product origin consists in performing adequate 13C isotopic 
labelling experiments in which the feed used in the test reaction is 13CO2 
and the products are analyzed by mass spectrometry or 1H NMR spec-
troscopy to determine their isotopic composition. These isotopic 

experiments have to be performed rigorously to be convincing. Thus, in 
the case of mass spectrometry, it is necessary or very convenient to 
previously separate the products by gas chromatography. Otherwise, 
some framgments from 13CO2, particularly 13CO or from H2O (m/z: 18) 
can be confused with 13CO or 13CH4 as products. In the case of 1H NMR 
spectroscopy, the 13C-H coupling constant of about 200 Hz should make 
the product signal split into doublets, while the peak corresponding to 
unlabelled product should be absent. A comment in this regard is that 
there are in the literature several examples in which these isotopic 
labelling experiments either have not been performed or have been 
performed for mixtures resulting in unconclusive support data. 

Most of the MOFs do not have sufficient stability in some CO2 
reduction reaction requiring strong acidity or basicity, aqueous envi-
ronment, and high electrochemical potential [16]. However, there are 
examples like ZIF MOFs exhibiting high structural stability in aqueous 
media under harsh coditions [2]. MOFs often provide thermal and op-
tical stability in composites by supramolecular interactions with the 
framework [17]. On the other hand, with the rational design of MOFs, 
structures with high stability can be prepared, for example, by having 
metal nodes with high positive charge or using hydrophobic alkyl 
groups on organic linkers, the resulting MOFs exhibiting water-stable 
framework [18]. To improve physico-chemical properties of MOFs, 
they can be coupled in a controlled way with suitable materials such as 
carbon substrates, metal nanoparticles (NPs) and polymers in composite 
structures in such a way that it leads to the production of frameworks 
with high stability and many active sites for reduction of CO2 [2,7,16]. 

In addition to their structural identification, composite character-
ization methods can help in understanding the reaction mechanism and 
subsequently in the design of subsequent framework generations with 
better performance. Here, some of the most important characterization 
methods of composites will be presented. For characterization of the 
metal distribution methods such as EDS, X-ray photoelectron spectros-
copy (XPS) and inductively coupled plasma-optical emission spectros-
copy (ICP-OES) are applied. Cyclic voltammetric (CV) is used to study 
the oxidation-reduction properties of redox active species [19]. ATR and 
DRIFT spectroscopy can be used to investigate the interaction between 
CO2 and MOF composites. By comparing the spectra before and after the 
interaction with CO2 and the position and appearance of the peaks, the 
number of interaction sites can be determined [20]. SEM is used to study 
the structural arrangement of the composite and size and morphology of 
particles, and atomic force microscope (AFM) is used to measure the 
thickness of the layers [21]. N2 adsorption and desorption isotherm plot 
show the distribution and nature of pores, which is important for mass 
transfer and distribution of substrates in the composite structure. 
Chemical stability of the structures can be investigated by powder X-ray 
diffraction (PXRD) measurements [22]. 

We have collected all attempts made to design and develop the 
appropriate MOF composites and their use in the above-commented CO2 
reduction methods. Herein, a comprehensive review aimed at summa-
rizing the recent progress in the applications of MOF-based composites 
for CO2 reduction covering various methods, like electroreduction, 
photoreduction, photoelectroreduction, and hydrogenation, is provided. 
Further, the advantages and disadvantages of MOFs as well as the per-
formance of each component in the composite in CO2 reduction are also 
presented. Finally, the last section provides conclusions on the current 
state of the art and the future outlook of using MOF composites in CO2 
reduction have been provided. 

2. Reduction of CO2 by MOF composites 

2.1. Electroreduction of CO2 by MOF composites 

MOFs and some special species can be merged to form certain MOF 
composites which are appropriate to play the role of catalysts in elec-
trochemical CO2 reduction. Electrochemical CO2 reduction offers the 
possibility to use directly renewable, green electricity to activate the 
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process. The electrochemical reduction of CO2 is performed within an 
electrochemical cell comprising two electrodes (anode and cathode), a 
divider and an electrolyte. The electrolyte is a water solution with a high 
electrical conductivity. The current consumed in the cell is, in part, the 
result of oxidation in anode and reduction in cathode. When such re-
actions are carried out, the electron density in anode makes the electron 
flow in the wire traveling toward the cathode. Two compartments of 
anode and cathode are separated from each other by an ion-conductive 
membrane to prevent the products of CO2 reduction from re-oxidation. 
Fig. 1 schematically illustrates an electrochemical cell used for electro-
reduction of CO2. 

Herein, all endeavors made to design and apply MOF composites to 
serve as catalysts in CO2 reduction reaction have been collected and 
presented. Electrocatalytic CO2 reduction reaction comprises various 
pathways leading to various products, such as carbon monoxide, formic 
acid, formaldehyde, methanol, methane, ethylene, ethanol and etc. 
Among the products listed above, CO appears to be the major product in 
the electrolyte based on water solvent. 

In the rate determining step, first the electron is transferred to *CO2 
which has been absorbed on surface and consequently the *CO2

•– anion 
radical is generated. The atom which binds to the surface of electrode 
specifies the subsequent step. As illustrated in Fig. 2, when the oxygen 
atom of *CO2

•– binds to the electrode surface, the carbon atom forms 
*OCHO through protonization. Then, the next electron and proton 
transfer gives rise to the generation of formic acid or formate as product. 
On the other hand, when the carbon atom of *CO2

•– binds to the surface 
of the electrode, (a) CO; (b) CH4, CH3OH; (c) C2H4, C2H5OH can be 
produced (Fig. 3). As shown in Fig. 4, the formate product is formed 
when CO2 is inserted into a metal-H bond. 

Current density, overpotential, and Faradaic efficiency are three 
factors required to appraise the activity of an electrocatalyst in an 
electrochemical reaction. 

The current density is defined as electrical current normalized on the 
surface of an electrocatalyst, represented by j with SI unit of ampere per 
square meter (A/m2). 

Overpotential is the difference between a theoretically or thermo-
dynamically determined reduction potential and the real potential at 
which the redox is experimentally observed, represented by ƞ with SI 
unit of volt(v). 

The selectivity of electrochemical reaction products is defined by 
Equation (1) exhibiting Faradaic efficiency (FE): 

Faradaic Efficiency = enF/Q (1) 

Where F is Faraday constant representing the electric charges carried 
by one mole, or Avogadro constant multiplied by elementary charge (e) 
which is usually taken to be 96,485C mol− 1, 

n denotes the number of electrons transferred to form the associated 
product, 

Q is the total charge obtained during the reaction, and e represents 
the number of electrons transmitted. 

Table 1 shows that the main product of electrochemical reaction with 
MOF composites as electrode is CO, and in the literature often KHCO3 
electrolyte has been used. Also, Table 1 compiles the electrochemical 
parameters related to various MOF composites including the applied 
potential and faradaic efficiency. 

2.1.1. MOF-Supported metal NPs 
C1 products such as CO, HCOOH and CH4 are the most products in 

the CO2 electroreduction process by MOFs, in their pristine form. This 
probably results from the distance between isolated active sites in the 
framework, which prevents efficient C-C coupling, whereas C-C bond 
formation is more likely if the active sites are in close proximity. 
Incorporation of metal nanostructures into the framework of MOFs can 
be an effective way to impart desired functionalities (such as conduc-
tivity, photoactivity, and catalytic activity) to MOFs [44]. 

Metallic NPs are known as catalysts for CO2 reduction reaction; 
however the agglomeration of these particles reduces their catalytic 
properties. Thanks to large surface area as well as notable porosity, 
MOFs can prevent agglomeration and improve catalytic properties of 
NPs encapsulated within MOFs. Ag is one of the most widely investi-
gated metals for the electrochemical CO2 reduction, affording CO as the 
main product, due to the weak CO adsorption on the silver surface. Both 
the electroreduction of CO2 to CO and the competitive H2 reaction occur 
simultaneously on Ag NPs. As an example of Ag-MOF composites, Jiang 
et al.[45] investigated Ag/ZIF-7 MOF composite as catalyst for CO2 
electroreduction. They found that the new MOF composite exhibits 
greater CO faradaic efficiency and current density (80.5% and 26.2 mA 
cm− 2 at 1.2 V vs) compared to base materials. The improved perfor-
mance is assignable both to the large accessible surface and the syner-
gistic effect between Ag NPs and ZIF-7 MOF. Other metal NPs embedded 
within MOF pores behave similarly. Thus, Zhao and coworkers con-
structed Pt/Au@Pd@CoMOF from CoMOF= {Co2(oba)4(3-bpdh)2} 
4H2O [oba = 4,4′ -oxybis(benzoic acid); 3-bpdh: N,N’-bis-(1-pyridine-3- 
yl-ethylidene)-hydrazine] at the center of which Au@Pd core-shell was 
encapsulated and on the surface Pt NPs were dispersed [44]. This MOF 
composite improves CO2 reduction toward the formation of CO and such 
improvement is ascribed to the synergism of Au@Pd and Pt NPs as well 
as the role of CoMOF immobilizing these NPs in a structured manner. 

To carry out the CO2RR process, a tandem pathway intervening 
different active sites can create a suitable substrate to produce >2e- 

products. The accommodated metals within the MOF structure can 
effectively facilitate the charge distribution and conduction path to 
progress the CO2RR reaction [21]. In 2022, Deng et al.[46] constructed 
AuNN@PCN-222(Cu) [AuNN = Au nanoneedles] containing metal-
loporphyrin Cu centers and AuNN impregnated therein. When utilized 
as catalyst in electrochemical CO2 reduction, AuNN@PCN-222(Cu) 
shows higher efficiency and selectivity than PCN-222(Cu) and 
AuNP@PCN-222(Cu) in producing ethylene (FE 52.5 %). This high 
selectivity and efficiency of AuNN@PCN-222(Cu) MOF composite in 
ethylene production arises from a tandem mechanism through which the 
CO generated from AuNNs is combined with *CHO on metalloporphyrin. 
The charge transfer from the ligand to the metal, due to the proper 
LUMO position in Cu2+, can reduce Cu2+ ions. Therefore, copper centers 
in PCN-222(Cu) can easily accept electrons and dissociate from the 
porphyrin ring, producing particles and clusters. In contrast, by sup-
porting Au, the frontier orbitals of the composite move towards Au and 
lead to charge conduction from Au to metalloporphyrin centers to drive 
proton-coupled electron transfer process for hydrogenation. Such ability 
of electron transfer by Au protects the catalytic centers and leads to 

Fig. 1. The structure of an electrochemical cell used for electroreduction 
of CO2. 
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greater stability of the catalyst. 
Sargent et al. used the advantages of the tandem process in MOFs for 

the electrocatalytic CO2 reduction. That catalysis is carried out in the 
framework of MOF in such a way that the product of one catalytic center 
becomes a reactant in another catalytic center. For example, the product 
of CO2 reduction at the surface of the first catalytic center is CO, and 
then other valuable products are produced in the neighbor centers. 
MOF/electrocatalyst hybrids provide the substrate for this process and 
MOF pores are suitable reaction cavities for performing electrocatalytic 
reactions. In this way, these authors constructed MOF/AuNME com-
posites by growing MOF thin films on Au nanostructured microelec-
trodes (AuNMEs) [47]. Afterwards, the resulting system was utilized as 
electrocatalyst in CO2 electroreduction. The results indicated that MOF 
thin films suppress CO formation, resulting instead in methane and 
ethylene products. 

According to reports, in the electrochemical conversion of CO2, 
copper can break the C-O bond in CO2 and convert CO into species such 
as hydrocarbons and alcohols. Based on this finding, in 2019, Albo et al. 
[48] applied Cu/Bi-based MOF (HKUST-1/CAU-17) supported on gas 
diffusion electrodes in a filter-press electrochemical cell for reduction of 
CO2. The results revealed the desirable production of methyl alcohol and 
ethyl alcohol. The highest rate and FE (faradaic efficiencies) for CH3OH 
and C2H5OH were respectively 29.7 μmolm− 2s− 1, FE: 8.6% and 48.8 
μmolm− 2s− 1, FE: 28.3% at j:20 mAcm− 2. This favorable result is 
ascribed to the synergistic effect between Cu and bismuth MOF associ-
ated with an excellent interplay between the active sites and reaction 
intermediates which finally leads to methanol formation and C-C 
coupling reaction toward ethanol. 

Another example of MOF composites that support metal NPs for their 
improved electrocatalytic performance was reported by Hupp et al.[19] 
They implanted Cu NPs in zirconium MOF (UN-1000). The resulting 
MOF composite showed the catalytic performance in two phases (liquid 
& gas): CO was produced in gas phase and formate was produced as the 
main product in the liquid phase (with production rate of 4 µmol/cm− 1 

at potential 0.5 V vs. RHE (reversible hydrogen electrode). The 
improvement observed in photocatalytic properties of this MOF com-
posite may be ascribed to synergistic effect of large surface area and NPs. 

2.1.2. MOFs on conductive supports 
One of the weak points of MOFs is their low electrical conductivity 

which restricts their electrochemical application. Incorporating MOFs 
on conductive supports such as graphene oxide, carbon black and other 
conductive materials forms some MOF composites whose catalytic 
characteristics have been improved, thanks to their enhanced electrical 
conductivity. One of these conductive materials is the carbon nanotubes 
family. Carbon nanotubes, when completely integrated into a composite 
structure, demonstrate high conductivity. Therefore, by combining such 
materials with some MOFs which act as catalysts in electrochemical 
reactions one may achieve electrocatalysts with more enhanced per-
formance. This higher efficiency arises from the improved electrical 
conductivity of resulting MOF composite compared to the original MOF. 
For example, Dong et al. [36] constructed a MOF composite, [PCN-222 
(Fe)/CNTs] from PCN-222(Fe) and carbon nanotubes (CNTs) by sol-
vothermal method in which iron porphyrin-centere PCN-222(Fe) is 
loaded onto CNTs. The resulting MOF composite with best ratio (m(Fe- 
TCPP):m(CNTs) = 1:30) shows excellent performance in electro-
reduction of CO2 (FE is 90% for CO, overpotential of − 0.6 V and a TOF of 
448.76 h− 1). This boosted performance is attributed to the presence of 
CNT as conductive support in the structure of the MOF composite which 
in turn boosts the electrical conductivity. 

Copper compounds as heterogeneous catalysts may be ideal options 
for eCO2RR because they can produce hydrocarbon products. Grace 

Fig. 2. Paths for producing formate and formic acid from CO2 electroreduction reaction.  

Fig. 3. Paths for producing (a) CO, (b) CH4, CH3OH, and (c) ethylene and 
ethanol from CO2 electroreduction reaction. 

Fig. 4. Path for producing formate by inserting CO2 into a metal− H bond.  
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et al.[49] constructed Cu-MOF/GO (Cu− benzene-1,3,5-tricarboxylic 
acid) where GO is graphene oxide. The resulting MOF composite was 
applied in electroreduction of CO2 as catalyst. This MOF composite 
exhibited excellent performance in electroreduction of CO2 toward 
formic acid in comparison with Cu-MOF when utilized alone. Thanks to 
the presence of GO as conductive support, FE is 58% for Cu-MOF/GO, 
while it was 38% for Cu-MOF. 

In another study, Ye and et al. applied fluorine doped tin oxide (FTO) 
as a conductive support [50]. Facile charge transfer created by well- 
oriented layered sheets of the resulting MOF yielded the FE of 
(93–98)% for CO production. 

Wu et al. [51] applied Cu2FCuTCPP nanosheet on FTO as a cathode. 
This system shows good selectivity and efficiency for CO2RR which is 
attributed to the use of FTO as conductive support. The products of 
reduction reaction are formate (Faradaic efficiency of 68.4% at a po-
tential of − 1.55 V versus standard potential of Ag/Ag+) and acetate (FE 
of 38.8% to 85.2% at a range of − 1.40 V to − 1.65 V versus standard 
potential of Ag/Ag+). 

Moreover, Yang and coworkers constructed an aluminum porphyrin 
MOF-55 containing Co-porphyrin as an active site by depositing an 
aluminum oxide layer (as a conductive support) on the Co-MOF com-
posite for CO2 reduction to CO [52]. The optimized thickness of catalyst 
(5 nm) provides the CO product with a FE of 76% for 7 h and a TON of 
1400. So, this MOF composite exhibits a higher efficiency in electro-
reduction of CO2 to CO in comparison to base materials, which is 
attributed to high conductivity of the oxide layer. 

In 2020, Liu et al.[53] prepared two types of PCN-222(Cu)/C and 
PCN-224(Cu)/C MOF composites by assembling PCN-222(Cu) and PCN- 
224(Cu) as conductive support and then compared them in terms of their 
catalytic activity in electrochemical CO2 reduction. They utilized the 
resulting MOF composites as electrode in electrochemical CO2 reduction 
reaction and found that each new MOF composite shows a higher effi-
ciency and selectivity within a particular voltage range. Within the 
voltage interval of 0.7–0.9 v, PCN-222(Cu)/C because of its higher 
Brunauer-Emmett-Teller surface area, CO2 absorption, and large diam-
eter of pores exhibits higher activity and selectivity (over potential =
450 mV, FEHCOOH = 44.3%, current density = 3.2 mA cm− 2) than PCN- 
224(Cu)/C (over potential = 450 mV, FEHCOOH = 34.1%, current den-
sity = 2.4 mA cm− 2) to produce HCOOH. On the other hand, PCN-224 
(Cu)/C shows higher performance than PCN-222(Cu)/C within the in-
terval of − 0.4—-0.6 v (vs.RHE) thanks to the enhanced heat of 

adsorption, Qst, and a big attraction for CO2 molecule, boosting the 
confinement of CO2 in the active sites. 

2.1.3. MOF-supported active catalysts 
As mentioned before, since the reduction of CO2 is a very energetic 

and challenging process, the presence of a catalyst is necessary to 
facilitate the progress of the reaction. The incorporation of molecular 
catalyst in MOF holes appears to be a useful technique to redesign MOF 
composites for obtaining an improved catalytic activity, because in this 
way the highly porous MOFs offer larger surface area required for the 
high distribution of active sites. 

As nanocrystals are powerful catalysts for chemical reactions, hy-
bridizing nanocrystal catalysts with appropriate MOFs can improve their 
catalytic properties. For example, Buonsanti and coworkers constructed 
Ag@Al-PMOF from silver nanocrystals (NCs) and Al-PMOF 
([Al2(OH)2(TCPP)], TCPP = tetrakis(4-carboxyphenyl)porphyrin) 
[27]. Ag@Al-PMOF is applied as electrocatalyst for CO2 reduction re-
action because silver NCs maintain their electrical association with the 
conductive substrate in spite of being implanted in the MOF composite. 
Ag@Al-PMOF enhances CO2 electroreduction reaction but suppresses 
HER reaction in comparison with the case when Ag NCs is used indi-
vidually. This enhanced activity is attributed to electronic effects and 
partial mass transfer caused by MOF composite. Al-PMOF matrix in-
creases the morphological stability of Ag NCs during the reduction re-
action. This increased stability was confirmed by XPS, SEM, TEM and 
ICP-OES (inductively coupled plasma–optical emission spectrometry) 
analyses. In contrast, the bare Ag NCs form dendrites during the 
reduction process of CO2. 

Similarly, Lan and coworkers designed a new group of so-called 
polyoxometalate metalloporphyrin organic frameworks (m-PMOFs) 
where m: Co,Ni,Fe,Zn [54], and compared the activities of the resulting 
MOF composites with each other. Among them, Co-PMOF shows the 
highest Faradaic efficiency equaling 99% and a TOF of 1656 h− 1 for CO 
production as well as a good catalysis stability (>36 h). DFT calculations 
indicate that the presence of cobalt in m-PMOF reduces the energy 
required for creating *CO and *COOH intermediates compared to the 
other three metals (Ni,Fe,Zn) and improves CO2RR, consequently. MOFs 
with a two-dimensional monolayer structure and ultrathin nature (metal 
organic layer (MOLs)) can be suitable for electrocatalysis because it 
leads to improved conductivity so that the distances of electrons and 
ions pass becomes very short. 

Table 1 
Various MOF composites as electrocatalysts reported for CO2 reduction.  

MOF composite Electrolyte, Potentiala) Main carbon products Faradaic efficiency (%) Ref. 

Ag2O/layered ZIF 0.25 M K2SO4,− 1.2 V CO 80.5 [23] 
Cu2O@Cu-MOF 0.1 M KHCO3, − 1.71 V CH4, C2H4 63.2 (CH4); 16.2 (C2H4) [24] 
Cu-SIM NU-1000 0.1 M NaClO4, − 0.82 V HCOO– 28 [25] 
MOF@Au NME 0.1 M KHCO3, − 0.5 V CO 18 ± 2 [26] 
Ag@Al-PMOF 0.1 M KHCO3, − 1.1 V CO 55.8 ± 2.8 [27] 
CoCp2@MOF-545-Co 0.5 M KHCO3, − 0.7 V CO 97 [28] 
HKUST-1/CAU-17 0.5 M KHCO3, − 0.21 V CH3OH, C2H5OH 8.6(CH3OH), 28.3(C2H5OH) [29] 
AuNN@PCN-222(Cu) 0.1 M KHCO3, − 1.2 V C2H4 52.5 [30] 
PCN-222(Fe)/CNTs 0.1 M KHCO3, − 0.6 V CO 90 [31] 
Cu-MOF/GO 0.1 M TBAB/DMF, − 0.6 V HCOOH 58 [32] 
Re-SURMOF/FTO 0.1 M TBAH/MeCN/5%TFE, − 1.6 V CO 98–93 [33] 
Cu2FCuTCPP/FTO 0.5 M EMIMBF4/1MCH3CN, − 1.55V)b) HCOO– 68.40 [34] 
Cu2FCuTCPP/FTO 0.5 M EMIMBF4/1MCH3CN, (-1.4 to − 1.65)V b) CH3COO– 85, 2–38, 8 [34] 
Al2(OH)2TCPP-Co 0.5 M K2CO3, − 2Vb) CO 76 [35] 
PCN-222(Cu)/C 0.5 M KHCO3,(− 0.87 to − 1.17)V HCOOH 44.30 [36] 
PCN-224(Cu)/C 0.5 M KHCO3, (-0.87 to − 1.17)V HCOOH 34.10 [36] 
Co-PMOF 0.5 M KHCO3, − 0.8 V CO 99 [37] 
Fe-MOF-525 1 M TBAPF6/DMF, − 2 V CO 50 [38] 
2Bn-Cu@UiO-67 1 M KOH, − 1.5 V CH4 81 [39] 
Bi2O3/Zr-TATB MOL 0.5 M KHCO3, (− 0.87 to − 1.17)V HCOO– 85 [40] 
MOF-NS-Co 0.1 M KHCO3, − 0.6 V CO 98.7 [41] 
CuO/Cu-MOF 0.1 M KHCO3, − 1.1 V C2H4 50 [42] 
H-POM@PCN222(Co) 0.5 M KHCO3, − 0.8 V CO 96.20 [43] 

a) Versus RHE, b) Versus Ag/AgCl. 
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It is also possible to control the environment around the catalytic 
center by modifying the functional groups to improve the catalytic 
performance. Given these benefits and structural advantages of MOLs, 
Wang and coworkers [55] synthesized a catalytic pocket from cobalt 
protoporphyrin (CoPP) and catalytic sites of pyridine/pyridinium (py/ 
pyH+) on metal organic layer as electrocatalyst in order to investigate 
the CO2 electroreduction reaction. When pyridine is removed from this 
catalytic pocket a selectivity of 2.7 for CO/H2 is observed, while the 
selectivity reaches 11.8 in the presence of pyridine. This MOF shows 
enhanced electrocatalytic properties upon adding pyridine. 

It has been found that systems containing molecular catalysts in 
homogeneous solution have several advantages that include spectro-
scopic identification of reaction intermediates is relatively easy and the 
details of the mechanism of the catalytic process can be determined, and 
the modification of the catalyst structure can be achieved according to 
the goals of the reaction process. However, homogeneous catalysts are 
electrically activated only at or near the surface of a conductive elec-
trode. While heterogeneous electrocatalysis does not have these disad-
vantages. Therefore, the use of heterogeneous catalysts prevents the 
aggregation of catalytic species and the chemical environment around 
the catalyst center becomes suitable for the catalytic reaction, and it is 
possible to use solvents even with poor solubility for the catalyst. In 
2015, Hod et al. [38] used heterogeneous catalysts (Fe-MOF-525) with a 
high surface concentration for electroreduction of CO2. They merged Fe- 
porphyrin into MOF-525 which caused it to earn high effective area for 
electrochemically catalytic sites (1015 sites cm− 2), leading to the pro-
duction of CO with a FE of 50%. 

In another study, Chen and Lan et al.[28] constructed MCp2@MOF- 
545-Co composites (Cp: cyclopentyl) through encapsulating metal-
locene [MCp2 (M = Fe, Co, Ni)] into the pores of metalloporphyrin- 
based MOF-545-Co by using vapor deposition method. Among these 
composites, CoCp2@MOF-545-Co converted CO2 to CO with a high 
selectivity and a FE for Co equaling 97% at − 0.7 V versus RHE. The high 
performances might be ascribed to the powerful binding interaction 
between metallocene and metalloporphyrin that can largely reduce the 
adsorption energy of CO2 as revealed by DFT calculations. 

The selectivity of CO2 electrocatalytic product to hydrocarbon 
valuable products is very important. Catalysts based on copper com-
pounds, catalysts with a high reaction rate, are one of the most prom-
ising candidates to produce hydrocarbons, especially CH4 and C2H4. 
Cu2O is one of the widely used catalysts. Yu et al.[56] constructed 
Cu2O@Cu-MOF and utilized it as catalyst in electrochemical CO2 
reduction reaction, finally leading to the production of CH4 and C2H4 
with a Faradic efficiency of 79.4%. The enhanced efficiency is attributed 
to high CO2 adsorption and synergistic effects between Cu-MOF and 
Cu2O. 

Similarly, Silva et al.[20] constructed Cu/Cu2O-Cu(BDC) (BDC: 1,4,- 
benzenedicarboxylic acid) electrode and applied it as catalyst in elec-
trochemical CO2 reduction reaction. In their work, the reduction of CO2 
to CH3OH was observed to be approximately 20 times as much as when 
Cu/Cu2O is used as electrocatalyst in the absence of MOF. This 
enhancement is attributed to high porous surface area provided by the 
MOF component. 

An example of a copper-based catalyst was provided by Wang et al. 
[57] They constructed (2Bn-Cu@UiO-67) MOF composite with N-het-
erocyclic carbene-ligated Cu SAS (single atom site) as the active sites, 
and applied it in electrochemical CO2 reduction reaction. The resulting 
system shows an excellent efficiency in reduction of CO2 to methane, 
yielding a significant FE of 81% at − 1.5 V vs.RHE with a j = of 420 mA 
cm− 2. This outstanding efficiency is attributed to the porousness of 
catalyst which facilitates the diffusion of CO2 to 2-Bn-Cu and conse-
quently increases the accessibility of catalytic centers, as well as the 
sigma donation of N-heterocyclic carbene that boosts the electron den-
sity of copper single atoms on the surface and improves the adsorption of 
CHO* intermediates. This enhanced adsorption in turn helps to improve 
the CO2 reduction reaction toward methane. 

Using MOLs instead of 3D MOFs can be a good method for optimal 
electrocatalytic activity in MOFs because they have fully accessible 
active surfaces, while maintaining structural flexibility. In 2021, Liu 
et al.[22] constructed Bi2O3/Zr-TATB MOL by growing Bi2O3 on Zr- 
TATB MOL [TATB: 4,4′,4′’-s-triazine-2,4,6-triyl-tribenzoate] and uti-
lized the resulting composite as catalyst in electrochemical CO2 reduc-
tion reaction. The results indicated its high activity for producing 
formate from CO2 reduction (a FE of over 85% with a broad potential 
ranging − 0.87 to − 1.17v). This enhanced activity is attributed to the 
improved flexibility in the structure as well as the completely exposed 
active sites of the applied 2D MOF, providing a new insight for devel-
oping this group of catalysts. 

In 2021, Wang et al.[21] showed that a series of MOF composites, 
when used as electro-catalyst in electrochemical CO2 reduction, lead to 
better selectivity and actitivity with the help of visible light. They con-
structed the MOF composites (MOF-NS-M) [NS: nanosheet, M = Cu,Co, 
Fe] through anchoring atoms of metal on MOFs with nanosheet struc-
ture. Among them, the FECO of MOF-NS-Co appears to be more than 90% 
within the potential range of − 0.5 to − 1 V versus RHE reaching 98.7% 
with 100 mV positive shift, which demonstrates an enhanced yield 
compared with the result measured under dark. This improvement is 
attributed to the abundant active sites being available thanks to the 
nature of nanosheet and the rearranged path for transmitting the elec-
tron which is provided by the porphyrin photoswitch. 

Copper(II) oxide NPs have received interest as active catalysts for 
various reactions. For example, in 2020, Sun et al. [58] prepared a MOF 
composite by immobilizing CuO NPs on Cu-MOF to be applied in elec-
trochemical CO2 reduction through solvothermal method. The resulting 
MOF composite shows a higher efficiency (FE of 50%) than base mate-
rials (the Faradaic efficiencies for CuO and MOF-Cu are respectively 
25.5% and 37.6%) in electrochemical reduction of CO2 and its conver-
sion into ethylene. This improved electrocatalytic proficiency is ascribed 
to the special two-dimensional configuration of MOF-Cu causing more 
absorption and activation of CO2 molecules, and therefore leading to 
more availability of metal sites. 

2.1.4. MOF composites with porous materials 
Because of the organic structural units in MOFs, the conductivity of 

most MOFs is very low and electron transfer to the active centers inside 
the channels is not easy. Therefore, to increase the conductivity and 
activate the catalytic centers, some materials are always added to the 
MOF framework to help transfer electrons. A particular type of MOF 
composite includes those generated by combining MOFs with porous 
materials such as other MOFs with different apertures, or poly-
oxometalates (POMs), or covalent organic frameworks (COFs). This type 
of MOF composite has different applications, one of which is the ability 
to play the role of a catalyst in photocatalytic CO2 reduction reactions. 

POMs are one of the strongly electron-donating compounds and can 
participate in rapid and reversible electron transfer reactions. By 
incorporating POM to MOFs channels, electron transfer from electrodes 
to the active centers of the catalyst is easily carried out and therefore, it 
leads to high efficiency of CO2RR reactions. During recent years, 
POM@MOF composite has attracted much attention for some special 
properties including ultrahigh porosity, large specific surface area, and 
excellent redox transformation [59-62]. For instance, Lan and co-
workers reported the preparation of a directional electron transfer 
channel at a molecular level by synthesizing a series of mixed–valence 
H-POM@PCN-222(X) [X = Co,Fe,Mn,Ni] composites via a post-
–modification method [63]. Among them, H-POM@PCN222(Co) shows 
an enhanced performance in CO2 electroreduction reaction toward CO 
with a FE of 96.2% and a good stability of 10 h. DFT calculations 
attributed this improvement to the introduction of the POM accelerating 
electron transfer to active single metal sites of Co and therefore the 
reduced energy barrier for the rate determining step. 

A new type of MOF composite can be produced by using a MOF in the 
role of a shell spread on the surface of another MOF (MOF@MOF). This 
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type of composite is fabricated in several methods and in several 
structures including core-shell, yolk-shell, etc.[64] For example, in 
2019, Xu et al. [65] constructed such a MOF composite [Au@Pd@UiO- 
67/Pt@UiO-n n = 66,67,68] and applied that as a catalyst in CO2 
reduction reaction. In this composite, Au NPs are utilized as cores for Pd 
shells and Au@Pd core-shell is embedded in the center of Au@Pd@UiO- 
67 spheres (Fig. 5). Au@Pd core-shell regulates the structure and 
morphology of UiO-67 and increases the selectivity of carbon monoxide. 
Platinum NPs are then spread over the surface of the Au@Pd@UiO-67 
spheres to create Au@Pd@UiO-67/Pt. These NPs accelerate CO2RR. In 
the next step, the obtained composite is coated with UiO-n and this part 
of the final molecule regulates the reverse water–gas shift reaction. 

2.2. Photoreduction of CO2 by MOF composites 

The intelligent choice of the type of MOF is the first important step to 
have an efficient photocatalyst [66,67]. Multi-factor MOFs formed by 
combining heterogeneous bonds in one crystal can be an option with 
high selectivity for CO2 absorption [68]. CO2 selectivity, capacity and 
CO2 absorption can also be increased through the improvement of open 
and active metal sites by using precious metals such as platinum [69]. In 
addition to the issue of surface modification, the analysis of the dynamic 
behavior of CO2 in a wide range of temperature and pressure, in the 
presence of MOFs, is very important [70]. MOFs can improve CO2 
reduction performance by unique CO2 absorption in photocatalytic 
process. In addition, MOFs can play an effective role in the photo-
catalytic process of CO2 reduction via a photosensitizer role. However, 
the efficiency of MOFs in the photocatalytic reaction of CO2 reduction is 
still very low, which is often due to the poor absorption of visible light 
and the lack of active electrons. Combining MOFs with various com-
pounds such as molecular catalysts, molecular photocensitizers, carbon 
materials, etc., by promoting the absorption of light and the separation 
of charge, improves the photocatalytic properties of the created com-
pound compared to its constituent components. 

This review has summarized all attempts aiming at building MOF 
composites for CO2 photoreduction. Photocatalytic reaction starts by 
generating electron-hole pairs stimulated by photon. Photon-stimulated 

holes on valence band (VB) migrate to the surface of photocatalyst and 
the oxidation reaction happens. Photon-stimulated electrons on con-
duntion band (CB) contribute to the reduction of CO2 to produce valu-
able products as shown in Fig. 6. 

There are some factors affecting the total efficiency of photocatalytic 
reduction of CO2, such as band gap (Eg), valence band position, con-
duction band position, and reaction kinetics. 

Phase (1) in Fig. 5 exhibits the electrons and the holes generated by 
photon radiation. Decrease of Eg which is simultaneous with an increase 
in light absorption enhances the efficacy of this phase. 

Phase (2) illustrates the electron-hole separation due to light radia-
tion. In order to boost the efficiency of this charge-hole separation, two 
approaches including developing photocatalysts with heterostructures 
and inducing defects are applied. 

Phase (3) indicates charge carrier recombination and phase (4) il-
lustrates the CO2 reduction reaction to various products. 

Fig. 5. Synthetic pathway for sandwich Au@Pd@UiO-67/Pt@UiO-n NPs and their nanocomposites [65]. With permission from the American Chemical Society, 
copyright 2019. 

Fig. 6. The photocatalytic reduction of CO2 over heterogeneous catalysts. 
Different phases of the process are illustrated in (1) through (6). 
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Phase (5) exhibits water oxidation process and phase (6) shows the 
surface recombination procedure. 

In general, three different factors are utilized to evaluate the effi-
ciency of the photocatalytic reaction, including TON, TOF and apparent 
quantum efficiency (AQE). 

TON is defined as the amount of substrate (mole) converted by a 
photocatalyst (mole) in a specified period of time introduced by Eq. (2). 

TON =
n

ncatalyst
(2) 

In Eq. (2), n is defined as the number (mole) of product in a specified 
period of time and ncatalyst is defined as the number (mol) (of the 
catalyst. 

Furthermore, AQE, known as the ratio between the numbers of 
electrons transferred to the products and the photons hitting the surface 
from the light source is utilized to evaluate the efficiency of a photo-
catalyst, exhibited by Eq. (3). 

AQE = (nN Ahc)/AItλ × 100% (3)  

In Eq. (3), n is defined as the number (mole) of product, h denotes the 
Planck constant, c indicates the speed of light, I denote the intensity of 
light, t is the reaction time, λ denotes the light wavelength, A is irradi-
ation area, and NA is the Avogadro’s constant. 

TOF is generally measured according to the specific surface area or 
the number of active sites on a photocatalyst, as indicated in Eq. (4). 

TOF =
n

tncatalyst
(4) 

In Eq. (4), n is defined as the number (mole) of a specific product, t 
denotes the reaction time and ncatalyst indicates the number of active 
sites on a catalyst. 

It has been proven that metal-organic frameworks are semi-
conductors with a band gap energy in the range of 1–5.5 eV, which is 
calculated from the difference between the highest occupied molecular 
orbital and the lowest unfilled molecular orbital. Studies on the photo-
catalytic behavior of MOFs is a relatively new topic. When the linking 
ligands of MOF are exposed to light, they act as antennas and receive the 
light energy and activate the metal centers through charge transfer from 
the ligand to the metal [71]. 

CO2 photocatalytic conversion and regeneration is a chemical pro-
cess that needs to be optimized. Therefore, operating conditions such as 
temperature, pressure, concentration, reaction time, radiation intensity, 
etc. must be optimized with great precision. In this way, it should not be 
forgotten that the goal of this research is to develop CO2 absorption and 
conversion technology on an industrial scale, so all operating conditions 

and the general process should be reasonable and possible on an in-
dustrial scale [72]. 

In this regard, the research of Yangje Fu et al. is one of the pioneering 
measures in the field of photocatalytic conversion of CO2. In this 
research, MOF functionalized by NH2 was used for the degradation of 
CO2 under visible light for the first time. According to past experiences 
in using MOFs in water decomposition and dye degradation, this 
research group decided to use MOF for CO2 degradation. They used NH2- 
MIL-125(Ti) as a catalyst in their research. The main rationale behind 
such a choice is the high potential of Ti in the photocatalytic conversion 
of CO2. In addition, the purpose of functionalization by NH2 is to create 
sensitivity to visible light. NH2 does not affect the structure of MOF and 
in addition to increasing sensitivity to light, it improves CO2 absorption. 
The dominant product in this process and in the presence of trietha-
nolamine as a sacrificial species according to Fig. 7 is formate anion 
(HCOO− ). In the following, formate can have wide industrial applica-
tions, especially in fuel cells [73]. Considering that the efficiency of this 
catalyst was not satisfactory, but it showed the potential of MOFs for 
CO2 regeneration. The findings of this research stimulated many re-
searchers to design and investigate more effective MOFs for CO2 pho-
tocatalytic reduction [74]. 

Dengrang Sun et al. investigated the performance of NH2-UiO-66(Zr) 
catalyst for the photocatalytic reduction of CO2 under visible light. They 
observed a significant improvement in the activity of MOF functional-
ized with NH2 compared to MOF without NH2. In addition, CO2 uptake 
increased for NH2-UiO-66(Zr) catalyst compared to UiO-66(Zr) 
(Fig. 8A). Because aromatic molecules functionalized with polar mole-
cules such as OH, NH2 and COOH show more interactions with CO2, this 
result is reasonable. According to Fig. 8B, formate production in the 
presence of triethanolamine (TEOA) is significantly increased under 
visible light for UiO-66(Zr) catalyst functionalized with NH2. In addi-
tion, they found that replacing the organic linker of 2-aminoterephtha-
late anion with 2,5-diaminoterephthalate in NH2-UiO-66(Zr) can 
improve the photocatalytic performance of the reduction of dioxygen. 
The mechanism of this process is according to Fig. 9 [75]. 

In another study, Liu et al presented a creative and intelligent 
method for CO2 conversion for the first time. They proposed the pro-
duction of carboxylic acids through the activation of the C-H bond of 
alkyne CO2 bases. Carboxylic acids are used in medical chemistry and 
synthesis of organic substances. In this research, they converted CO2 into 
carboxylic acids through Ag@MIL-101(Cr) as a MOF doped with silver 
at a pressure of one atmosphere and a temperature of 50 ◦C as shown in 
Fig. 10. Such photocatalysts have a very high potential for simultaneous 
absorption and reaction of CO2 (with 96.5% yield). Although this study 
affords good activity but there were several problems with it. MIL-101 

Fig. 7. The photocatalytic conversion mechanism of CO2 on NH2-MIL-125(Ti) [73]. With permission from Science, copyright 2013.  
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(Cr) contains a significant amount of Cr(III), which is environmentally 
hazardous. 

In addition, hydrofluoric acid is used in the preparation of MIL-101 
(Cr), which is a harmful substance. As a result, Liu et al decided at 
that time to investigate another MOF for this process and accordingly 
selected Ag@MIL-100(Fe) and Ag@UiO-66(Zr) as alternative catalysts. 
This MOF was safer, and their synthesis was easier compared to MIL-101 
(Cr). The activity of Ag@MIL-100(Fe) was like that of Ag@MIL-101(Cr) 
with 94.6% yield, while the photocatalytic activity of Ag@UiO-66(Zr) 
(with 97.7% yield) was higher than that of Ag@MIL-101(Cr). The 
mechanism related to CO2 conversion on Ag@MIL-101(Cr) and 

Ag@MIL-100(Fe) is as shown in Fig. 10 [76]. 
Dengek et al. worked on a series of iron-based MOFs. The advantages 

of using iron are its abundance and safety. They observed that MIL-101 
(Fe), MIL-53(Fe) and MIL-88B have photocatalytic activity to convert 
CO2 in the presence of TEOA as a sacrificial species under visible light 
irradiation to produce formate as a reaction product. According to the 
mechanism shown in Fig. 11, excitation of Fe-O clusters causes electron 
transfer from O2– to Fe3+ to form Fe2+. The amount of HCOO– produced 
of MIL-101(Fe), MIL-53(Fe) and MIL-88B(Fe) are 59.0, 29.7 and 9.0 
µmol, respectively. Among these three samples, MIL-101(Fe) showed the 
highest photocatalytic performance due to having coordination 

Fig. 8. (A) CO2 adsorption isotherm on UiO-66(Zr) and NH2-UiO-66(Zr), (B) HCOO– production according to irradiation time for UiO-66(Zr) and NH2-UiO- 66(Zr) 
[75]. With permission from the American Chemical Society, copyright 2015. 

Fig. 9. The photocatalytic conversion mechanism of CO2 on NH2-UiO-66(Zr) [75]. With permission from the American Chemical Society, copyright 2015.  

Fig. 10. The photocatalytic conversion mechanism of CO2 on Ag@MIL-101(Cr) [76]. With permission from the American Chemical Society, copyright 2017.  
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unsaturated active centers. Similar to the previous results, functional-
izing the MOF with NH2 groups leads to better performance [26]. 

As stated earlier, MIL and UiO are the most important MOFs in the 
photocatalytic conversion of CO2. Zhou et al proposed a different idea 
which was to use PCN-222 as a photocatalyst. PCN-222 (porous MOF 
based on Zr-iron porphyrin) prevents electron-hole recombination due 
to its high electron trapping power. As a result, PCN-222 has higher 
product yield. The reaction was carried out under visible light irradia-
tion and in the presence of TEOA as a sacrificial species, which produced 
formate according to the mechanism presented in the reaction shown in 
Fig. 12 [25]. 

In another study, for the first time, Chambers et al. used rhodium- 
based catalysts for CO2 conversion. In this process, molecular rhodium 
was placed in the structure of a MOF called pentamethylcyclopentadi-
amine (Cp* = Cp*Rh@UiO-67), which played the role of active reaction 
centers. Although the activity of heterogeneous and homogeneous re-
action systems is the same, but this type of heterogenization process 
increases the stability and selectivity compared to homogeneous reac-
tion systems. According to Fig. 13, the main product of the process was 
in the presence of TEOA as a formate sacrificial species [37]. 

According to Fig. 14, the format had the highest production rate at an 
estimated loading of 10% by weight of the catalyst with a renewal 
number of 45. According to the results obtained at low concentrations of 
rhodium as reactive active centers in the cavities of the MOF, a higher 
selectivity was obtained for formate production, while at high loadings, 
selectivity decreased due to side reactions. It decreased compared to this 
product. The two important achievements of this research were: (1) the 
high potential of linking homogeneous molecules of photosensitizers as 
active phase in MOFs to create composite solid catalysts. (2) Very high 
importance of the density of active reaction centers in composite solid 
catalysts [37]. 

The idea of introducing molecular catalysts into the MOF proposed 
by Chambers was used a year later by Geneva et al. They dispersed single 
unsaturated cobalt atoms in MOF-525. The developed MOF had the 
ability to absorb and photoreduce CO2 molecules under visible light 
irradiation. Cobalt single atoms caused efficient electron-hole separa-
tion in the MOF. Using unsaturated cobalt active centers ensures their 
contact with CO2 molecules and prevents their clumping. According to 
Fig. 15, in the presence of TEOA, CO and CH4 were the products of this 
process, and their production was 3.13 and 5.96 times higher than that 
of the unmodified MOF [77]. 

Based on previous research, it has been determined that semi-
conductors such as TiO2 have a high potential for photocatalytic 
reduction of CO2. Combining good materials can lead to extraordinary 
results, as was done by Crick et al. They developed a dual-purpose 

material for absorbing and converting CO2 by combining TiO2 nano-
sheets and an organic framework. In fact, they used the high absorption 
capability of the MOF NH2-UiO-66 along with the good photocatalytic 
properties of TiO2 in one set. In such systems, the organic-metallic 
framework increases the absorption of CO2 and accelerates their ac-
cess to the active reaction centers through its cavity space. According to 
Fig. 16, the only product of this solid-gas system in the presence of 
hydrogen as a sacrificial species and under ultraviolet-visible light 
irradiation was CO. As described earlier, Sun et al showed that NH2-UiO- 
66 has a high potential for CO2 conversion (Fig. 16). But this process was 
done in the solid-gas system and in this respect, it is different from Sun’s 
work that used the liquid-gas system. Therefore, the role of NH2-UiO-66 
in CO2 conversion has been very insignificant compared to TiO2 in this 
process. The advantages of using MOFs with high available specific 
surface are prevention of TiO2 clumping, increase of active reaction 
centers, strong absorption and separation of charges along with better 
absorption of light, which causes absorption of light in the visible region. 
In this research, nanocomposites containing an average of 20% NH2- 
UiO-66 were about one and a half times more active than pure TiO2. In 
optimal conditions, with equal amounts of both components, the activity 
of nanocomposite is 1.9 times higher than pure TiO2, which is consid-
ered a good result [78]. 

Elah et al investigated the improvement of MIL-53 absorption by 
incorporating multi-walled carbon nanotubes (MWCNTs) and carbon 
nanofibers (CNFs) into the MOF. According to Fig. 17, they achieved a 
significant improvement in CO2 absorption. The rationale behind these 
observations is to increase the specific surface area using CNTs and 
CNFs. Their only goal in this process was to absorb CO2 without con-
verting it. Anyway, this idea can be a suitable method for use in CO2 
recovery systems [79]. 

2.2.1. MOF/Metal NPs composites 
Metallic NPs have been of special interest to researchers due to their 

unique properties. Some reports of the application of MOF/metal NPs 
composites for photocatalysis of CO2 reduction reaction are summarized 
in Table 2. In the domain of photocatalytic reactions, plasmonic metal 
NPs such as Au, Ag, and Pt have recently attracted much attention. The 
reason is that such NPs can increase solar energy absorption by using 
optical antenna effect and consequently enhance the catalytic activity. 
Many efforts have been made during past years to construct MOF 
composites from Au, Ag, and Pt NPs to be applied in photochemical 
reduction of CO2. For example, Wang and coworkers prepared Ag@Co- 
ZIF-9 MOF composite from doping Ag NPs into Co-ZIF-9 [80]. They 
developed a system from [Ru(bpy)3]Cl2⋅6H2O to be applied as photo-
sensitizer (bpy = 4,4′-bipyridine), TEOA as electron donor, and Ag@Co- 

Fig. 11. Mechanism of photocatalytic conversion of CO2 over NH2-functionalized iron-based MIL MOFs [26]. With permission from the American Chemical Society, 
copyright 2014. 
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ZIF-9 as photocatalyst. This system represents an activity increase of 
more than 2 times (around 28.4 μmol CO) and an enhanced selectivity 
(20%) for 0.5 h irradiation in comparison with Co-ZIF-9. This increase is 
ascribed to the attendance of silver NPs serving as electron traps and 
active sites in CO2 reduction. 

Due to the photothermal effect, the plasmonic materials caused re-
action temperature to rise under light irradiation. For example, Wang 
et al. designed plasmonic catalysts with high performance. They re-
ported a zirconium-based MOF composite encapsulating plasmonic AuPt 
alloy NPs (AuPt@UiO-66-NH2) as photothermal catalyst for CO2 
reduction [81]. This MOF composite produced CO from CO2 reduction 
with a good selectivity of 91% and a rate of 1451 μmol gmetal

− 1 h− 1. The 
outstanding performances of AuPt@UiO-66-NH2 are ascribed to the 
synergistic effect originating from the plasmonic metal Au, doped active 
metal Pt, and encapsulation structure of UiO-66-NH2 shell. 

Also, a typical example for MOF/MNPs composites with plasmonic 
Ag NPs for photoreduction of CO2 to CO was presented by Yaghi and 
coworkers [82]. They fabricated modified UiO-67 out of 
Zr6O4(OH)4(− CO2)12 secondary building units (SBUs) as well as ReTC 
and BPDC (Fig. 18a). Afterward, the silver nanocubes are covered with 
MOF (Re-UiO-67) to render Ag-Re-UiO-67 (Fig. 18b) which resulted in a 
7-fold improvement of CO2-to-CO photoreduction activity in compari-
son to Re-UiO-67 exposed to visible light, placing an emphasis on this 
fact that doped silver NPs on MOFs improve the selectivity and effi-
ciency of such compounds in photochemical CO2 reduction reaction. 

In 2021, Fei et al. [83] used Au nanocluster for synthesis of Au- 
NC@MOF composite. They used heterogeneous nucleation method for 
stabilizing Au nanocluster by activated N-heterocyclic carbene (NHC) 
moieties in a porous solid state matrix, and then applied it as catalyst in 
photocatalytic CO2 reduction reaction. In the process of heterogeneous 

Fig. 12. The photocatalytic conversion mechanism of CO2 on PCN-222 [25]. With permission from the American Chemical Society, copyright 2015.  

Fig. 13. Mechanism of photocatalytic conversion of CO2 to formate in Cp*Rh@UiO-67 catalyst [37]. With permission from the Wiley-VCH, copyright 2015.  
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nucleation, Au-NCs were stabilized within the MOFs using NHC as 
ligand and the Au-NCs become dispersed well in a regular array within 
the pores of UiO-68-NHC. Covalent bonding between UiO-68-NHC and 
Au-NCs leads to the formation of materials with high chemical and op-
tical stability. L-glutathione was used for the reduction of AuIII to Au0 

(Fig. 19). The resulting MOF composite shows a 4-fold improvement in 
photocatalytic CO2 reduction compared to control materials with no 
NHC-ligand stabilization. Such improvement is attributed to the syner-
gistic effect of MOF and gold nanoclusters which gives rise to the for-
mation of MOF-NHC-Au bridges. 

Liu et al.[84] provided Au@NENU-10 system from Au NPs, [PTi2-

W10O40]7− (PTiW)POM, and HKUST-1 MOF. Afterward, they applied 
the new system as photocatalyst in photochemical CO2 reduction. It 
showed excellent selectivity and performance in CO formation from 
photoreduction of CO2 under irradiation visible light. This excellent 
improvement owes to synergism of metal complex and MOF, as well as 
excellent charge separation thanks to the direct contact between Au NPs 
and PTiW. 

Later, Deng et al.[85] synthesized cobalt-based MOF in two ways: 
First time through conventional solvothermal method whose product is 
called MOF-74-C, and the second time through transformation strategy 
whose product is referred to as MOF-74-T. Also, Ag NPs@Co-MOF-74 
(Ag NPs@MOF-74) is prepared by the corresponding Ag NPs@Co-ZIF- 

67. Then they used them as catalyst in photochemical CO2 reduction 
reaction. The results indicate that Ag NPs@MOF-74 and MOF-74-T 
provide efficiencies which are respectively 3.8 and 1.8 times as much 
as that of MOF-74-C in CO2 photoreduction reaction. The observed 
enhancement is ascribed to the larger surface area, hollow structure 
along with the local surface plasmon resonance effect induced by the Ag 
NPs. 

In 2019, Wang et al. investigated how the size of photocatalyst in-
fluences its activity. They demonstrated that photocatalyst size has an 
inverse relationship with its photocatalytic activity in CO2 reduction 
reaction [86]. They showed that as the size of MIL-101(Cr)-Ag MOF 
composite is reduced from 80 to 800 nm, the rate of photochemical CO2 
reduction increases, and the highest photocatalytic activity occurs at a 
size of 80 nm with a rate of 808.2 μmol g− 1h− 1 for CO production. The 
increased catalytic activity of MOF composite by reducing the size may 
be ascribed to the enhanced concentration of unit cells on the bound-
aries of MOF composite facilitating the electron transport in the 
photochemical reaction. 

One of the features of MOF/metal NPs composites is the ability to 
form Schottky junctions that improve charge transfer in photocatalytic 
reactions. Through such intersections, electrons may efficiently migrate 
to metal NPs and toward the cavities on the semiconductors, leading to 

Fig. 14. Production rate of Formate (red triangle), Hydrogen (blue square) and 
total product (green circle) versus the loading of the rhodium catalyst [37]. 
With permission from the Wiley-VCH, copyright 2015. 

Fig. 15. CO2 reduction mechanism in the presence of MOF-525-Co [77]. With 
permission from the Wiley-VCH, copyright 2016. 

Fig. 16. CO2 reduction mechanism in the presence of TiO2/NH2-UiO-66 [78]. 
With permission from the Elsevier, copyright 2017. 

Fig. 17. Results of CO2 uptake on unmodified MIL-53 and CNT- and CNF- 
modified MIL-53 [79]. With permission from the Trans Tech Publications, 
copyright 2014. 
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the spatial separation of photogenerated charge carrying particles. 
Wang et al. took advantage of the formed Schottky junctions to improve 
photocatalytic properties. They synthesized a series of flower-like 
Pt@NH2-UiO-68 composites within which Pt NPs have been 
embedded both inside and outside of NH2-UiO-68 [87]. They found that 
Pt@NH2-UiO-68 with 2 %wt Pt NPs shows the highest CO2 photore-
duction activity in CO production (66.7 mmol g− 1h− 1) exposed to visible 
light irradiation. Good charge transfer in this process is attributed to the 
excellent contact between Pt NPs and NH2-UiO-68 which was resulted 
from suitable location and content of Pt NPs in MOF composite. Also, the 
migration of charges from NH2-UiO-68 to the Pt NPs through the 
Schottky junction could prevent the probable recombination of the 
electrons and holes generated by light irradiation. 

ZIFs act synergistically to facilitate electron transfer and contribute 
to high photocatalytic efficiency by increasing active electrons. In 2020, 
Becerra et al.[88] prepared Aux@ZIF-67 MOF composite by depositing 
plasmonic Au NPs on ZIF-67. Having utilized it as photocatalyst in 
photochemical CO2 reduction, they gained methyl alcohol and ethyl 
alcohol as products. They demonstrated that the resulting MOF com-
posite, containing Au NPs with dimensions of 30 to 40 nm, improves 
visible light absorption. Charge separation appears to be a key factor in 
product selectivity and enhances photocatalytic performance of CO2 
reduction toward methyl alcohol and ethyl alcohol by an overall yield of 
2.5 mmolg− 1h− 1 for CH3OH and 0.5 mmolg− 1h− 1 for C2H5OH which are 
amongst the top amounts reported in analogous cases. 

Hollow metal NPs with core@void@shell architecture show good 
potential in catalytic activity, due to the synergistic effect between cores 
and shells to improve performance and increase productivity. Wang 
et al. constructed core-shell catalyst Au@Pd@MOF-74 [89], by encap-
sulating Au@Pd NPs into MOF-74 nanoshuttles. Having used it as 
catalyst in photochemical reduction of CO2, they obtained methane with 
a high yield of 84%. The improved chemical activity of the resulting 
MOF composite is ascribed to the high surface area provided by MOF 
component and the enhanced optical sensitivity thanks to the presence 
of NRTs (Fig. 20). 

Gold NPs show intense light focusing and strong visible spectrum 
absorption due to the stimulation of the localized surface plasmon res-
onances (LSPR), and the stimulation of gold is higher than light-induced 
electron-hole recombination leads to better electron absorption effi-
ciency. Using this property of gold, Duan and coworkers, and Li et al. 
achieved a high efficiency of the synthesized composite. They severally 
prepared formic acid and formate by using the above-mentioned MOFs. 
Duan and coworkers [90] constructed hybrids of thin porphyrin–based 
MOF nanosheets (PPF-3–1) anchored with Au NPs through electrostatic 
interaction. The resulting MOF composite with optimal ratio (Au/PPF-3- 
1A) shows a higher efficiency (4-fold) compared to PPF-3–1 when used 
individually for producing formic acid (a formation rate of 42.7 μmol 

g− 1 h− 1). This higher efficiency is attributable to the transfer of plasmon 
resonance energy from gold NPs to PPF-3. 

On the other hand, Li et al. [91] by constructing M/NH2-MIL-125(Ti) 
(M = Pt and Au) investigated the effect of noble metals on the photo-
catalytic performance of CO2 hydrogenation. Pt/NH2-MIL-125(Ti) 
exhibited an improved activity in producing photocatalytic formate in 
comparison with NH2-MIL-125(Ti) alone, while Au adversely affects this 
reaction. It is attributable to the more elevated potential barrier of 
hydrogen spillover from gold catalyst to the framework of NH2-MIL-125 
(Ti) relative Pt. 

Single atoms (SAs) catalysts with unique electronic structures and 
unsaturated coordination mediums have uniform and more catalytic 
sites compared to traditional metal particles. Therefore, their develop-
ment can help to promote a highly efficient photocatalytic process. In 
2020, Wang et al.[92] made a comparison between the catalytic effi-
ciency of CuSAs/UiO-66-NH2 and Cu NPs/UiO-66-NH2 for producing 
methanol and ethanol. According to the results, CuSAs/UiO-66-NH2 not 
only shows an improved efficiency compared to Cu NPs/UiO-66-NH2, 
but also reveals more selectively than Cu NPs/UiO-66-NH2 in producing 
methanol and ethanol. Such improvement is attributed to simple con-
version of CO2 into *CHO and *CO intermediates. 

Moreover, some MOF composites were constructed from cobalt sin-
gle atoms and cobalt NPs severally supported on different MOFs, and 
their catalytic effects in photochemical CO2 reduction of were discussed. 
In 2016, Ye et al.[77] constructed CoSAs@porphyrin MOF and utilized it 
in photochemical CO2 reduction reaction. This MOF composite shows an 
enhanced efficiency in photocatalytic reduction of CO2 toward CO, 
giving rise to new CO production rate (200.6 µmol g− 1h− 1) and new CH4 
production rate (36.67 µmolg− 1h− 1) which are respectively 3.13 and 
5.93 times as much as those acquired for the base MOF. Such 
improvement is attributed to the presence of single Co atoms in the MOF 
that can promote the separation of electron-hole pair units of porphyrin. 
Also, the transfer of electrons from porphyrin toward cobalt atom sup-
plies the electrons with longer lifespan to reduce CO2 molecules absor-
bed on Co atom. 

Fu et al.[93] constructed [Co NPs/NH2-MIL-125(Ti)] and utilized it 
as catalyst in photochemical CO2 reduction reaction. The new system 
demonstrated an improved activity compared to NH2-MIL-125(Ti) when 
individually used in this reaction. Such improvement is attributed to 
high electron transfer and good visible-light harvesting by Co NPs doped 
on NH2-MIL-125(Ti). 

2.2.2. MOF/semiconductor and carbon material composites 
Some metal-exo clusters in MOFs can act as semiconductor quantum 

dots, while organic ligands can activate these semiconductor quantum 
dots through the antenna process by light-induced charge transfer of the 
ligand to the metal. Therefore, MOFs may perform photocatalytic action 

Table 2 
Various MOF/Metal NPs Composites as photocatalyst for CO2 reduction.  

MOF Composite Light source Illumination range Main Carbon Products a) Selectivity % Ref. 

Ag@Co-ZIF-9 >420 nm CO (56800) 55.4 [80] 
AgNPs@MOF-74 400–1000 nm CO (1154.3) n/a [85] 
MIL-101(Cr)-Ag 400–800 nm CO (808)CH4 (427.5) 65.4 [86] 
Pt@NH2–UiO-68 400–780 nm CO (66.7) 100 [87] 
Au–NC@UiO-68–NHC Xe lamp CO (57.6) n/a [83] 
Au@NENU-10 >420 nm CO (12.8) 85.9 [84] 
Pt/NH2-MIL-125(Ti) 420–800 nm HCOOH (32.4) n/a [91] 
CuSAs/UiO-66-NH >400 nm CH3OH (5.3) 

C2H5OH (4.2) 
55.8 
44.2 

[92] 

Ag ⊂ Re3-MOF 420–800 nm CO (2.8)b) n/a [82] 
Au@Pd@MOF-74 500 W Xe lamp CO (2.46) n/a [89] 
CoSAs@porphyrin 200–800 nm CO (200.6)CH4 (36.67) n/a [77] 
Co/NH2-MIL-125(Ti) Visible light 300 W Xe lamp, 420 nm HCOOH (38.4) n/a [93] 

a) μmol g− 1h− 1; b) TON. 
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effectively. However, due to the organic structural units in MOFs, the 
electrical conductivity of most of them is very poor. The integration of 
MOFs with semiconductors, which are materials of low toxicity, low cost 
and high stability, is an effective technique to enhance catalytic 

efficiency of MOFs in photocatalytic CO2 reduction. The resulting MOF 
composite can be further classified as follows according to the type of 
semiconductor utilized in its structure: 

Fig. 19. Representation of synthetic route to UiO-68-NHC, Au-NC@UiO-68-NHC and UiO-68-NH2/Au mixture [83]. With permission from the Wiley-VCH, copy-
right 2021. 

Fig. 18. a) Forming Re-UiO-67 out of Zr6O4(OH)4(− CO2)12 SBUs as well as BPDC and ReTC, b) Coating Re-UiO-67 on an Ag nanocube [82]. With permission from 
the American Chemical Society, copyright 2017. 
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• MOF and metal sulfide  
• MOF and metal oxide  
• MOF and perovskite  
• MOF and other semiconductors 

Some MOF/Semiconductor and Carbon Material Composites with 
potential application for photocatalysis for CO2 reduction in Table 3 
summarized. 

2.2.2.1. MOF/Metal sulfide composites. A particular kind of MOF com-
posite showing good photocatalytic activity in CO2 reduction reaction is 
those MOF composites which contain the sulfides of semiconductors 
such as MOS2, CdS, Bi2S3, etc. in their structure. Such photocatalytic 
activity is attributed to the appropriate position of CB and good visible 
light absorption of sulfide semiconductor component. For example, in 
2022, Huo et al. [124] constructed a series of 3D hierarchical CdS/Ni- 
MOF nanocomposites among which the MOF composite containing 
20% CdS showed higher activity in photocatalytic conversion of CO2 to 
CO in comparison to the base materials (16 and 7 times as much for Ni- 
MOF and CdS, respectively). This enhancement in activity is attributed 
to abundant active sites and excellent charge transfer resulted from the 
synergistic effect of heterostructure in CdS/Ni-MOF as well as its unique 
hierarchical structure. 

Also, in 2022, Liu et al. [156] prepared the photocatalytic 
Ni@CdS⊂Zn/Co-ZF by a facile self-assembly procedure, from a bime-
tallic MOF [Zn/Co-ZIF] and Ni-doped CdS NPs (Ni@CdS). Then they 
applied the new system as catalyst in photochemical CO2 reduction re-
action. The results indicate the high activity of new catalyst in photo-
chemical reduction of CO2 toward syngas. Furthermore, this system is 
remarkably efficient to recycle. This remarkable catalytic efficiency is 
attributed to high visible light harvesting by Ni@CdS and the avail-
ability of large effective surface area provided by Zn/Co-ZIF. 

Also, some reports have been provided which indicate the produc-
tion of different MOF composites containing the combinations of CdS 
with several MOFs including Zr-MOF, Cr-MOF, Zn-MOF, and Co-MOF. 
For example, Cao et al.[95] constructed CdS/NH2-UiO-66 MOF com-
posite and utilized it in photochemical CO2 reduction reaction. The 
resulting MOF composite exhibits higher photocatalytic efficiency in 
comparison to CdS alone, NH2-UiO-66, and CdS/NH2-UiO-66/chitosan 
mixed powder when used individually. Such enhancement is attributed 
to the increased CO2 adsorption, due to the synergy of CdS and NH2-UiO- 
66 causing better charge transfer and suppressing the recombination of 
charge carriers, and inherent properties of membranes including good 
stability and the capacity to prevent easy aggregation. 

Wang and coworkers [100], investigated performance of CdS/Co- 
ZIF-9 MOF composite for CO2 photoreduction. The resulting MOF 

composite shows an apparent quantum yield of 1.93% for CO production 
during CO2 reduction reaction exposed to monochromatic irradiation at 
420 nm. According to the following proposed mechanism (Fig. 21): First, 
there is electron-hole pair generation on the CdS semiconductor. Then, 
we have negatively charged electron migration to conduction band of 
CdS, and afterwards its transference to the molecules absorbed on MOF 
surface and generation of CO2

– which is stabilized by the benzimidazole 
linker defined in Co-ZIF-9 frame work. Finally, this generated CO2

–, by 
obtaining an H+, gives rise to CO and water. 

CdS-based photocatalysts improve CO2 photoreduction reaction 
thanks to their suitable band structure and good optical response. CdS in 
the core-shell structure is protected from photocorrosion and its ab-
sorption capacity increases without reducing its ability to harvest light. 
Liu et al. constructed CdS/ZIF-8 [101] MOF composite with a core-shell 
structure. This MOF composite shows higher selectivity (83.96%) and 
efficiency compared to when CdS is utilized alone. Such improvement is 
attributable to the strong ability of the resulting MOF composite to 
absorb CO2. 

In 2019, Zan et al.[104] improved the photochemical performance of 
the prepared photocatalyst by encapsulating semiconductor NPs within 
the framework of MOF, instead of simply dispersing them on the surface, 
because in this case, the contact surface between the MOF and the 
catalyst and the efficiency of optical charge transfer increase. They 
constructed CdS/MIL-101(Cr) composite from CdS NPs and MIL-101(Cr) 
through in-situ-growth strategy, aiming most of the NPs placed within 
the cavities of MOF composite and the rest of them are placed on the 
surface of composite. This MOF composite shows higher activity 
compared to base materials thanks to the effective separation of charge 
carriers generated after light irradiation because of strong interaction 
between CdS and MIL-101(Cr). Another example was described by Peng 
et al.[97] They designed a three-component system including Co(BDC) 
MOF and CdS as photosensitizer and molecular co-catalyst [Co 
(bpy)3]2+. Then, they applied the new system as photocatalyst in 
photochemical CO2 reduction reaction during which CO was produced 
with a yield rate of 22 μmolh− 1, a selectivity of 92.5%, the corre-
sponding TON of 7.3 (4 h), and an overall efficiency of 0.7% (k = 420 
nm). It indicates an improved performance compared to base materials 
are utilized as catalysts. The improvement is ascribed to highly well- 
organized transfer of charges at both CdS/MOF and MOF/solution in-
terfaces, as well as further protection of photosentisizer from photo- 
corrosion. 

Similarly, in the work of Han et al.[102] the synergistic effect of 
MOF, molecular co-catalyst and CdS is well shown. They reported a MOF 
composite (CdS/UiO-bpy/Co) which is a merger of inorganic semi-
conductor (CdS) and molecular redox catalysts by using MOFs. This 
MOF composite shows a high efficiency for CO2 reduction toward CO 
with a selectivity of 85% and an evoluation rate of 235 μmol g− 1h− 1. The 
excellent performance of this MOF composite results from good sepa-
ration and transfer of charge carriers and active sites of cobalt. 

Cd0.2Zn0.8S is one of the semiconductors containing sulfide which 
produces alcohol in photochemical reduction of CO2. Wang and co-
workers constructed a series of MOF composite systems 
[Cd0.2Zn0.8S@UiO-66-NH2] with various quantities of UiO-66-NH2 
through solvothermal method [116]. Such a system with optimal ratio 
(UiO-66-NH2 content of 20 wt%) shows an enhanced photocatalytic 
activity for CO2 reduction in comparison to base materials (a rate of 6.8 
μmol g-1 h-1 for producing CH3OH). This enhancement is attributed to 
excellent photocatalyst stability during the reduction process and good 
transfer and separation charges on the interface connecting Cd0.2Zn0.8S 
and UiO-66-NH2. 

Molybdenum disulfide (MoS2) is a semiconductor containing sulfide 
utilized to construct the MOF composites which are applied in photo-
chemical reduction of CO2. For example in 2021, Duan and coworkers 
[111] constructed a system by combining MOS2 nanosheets with hier-
archically porous defective d-UiO-66 in order to fabricate Mo-O-Zr 
bimetallic sites on the joints between UiO-66 and MoS2. This MOF 

Fig. 20. Schematic representation of the assembly of Au@Pd@MOF-74 [89]. 
With permission from the Elsevier, copyright 2019. 
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Table 3 
Various MOF/semiconductor and carbon material composites as photocatalyst for CO2 reduction.  

MOF composite Light source illumination range Main carbon products a) Selectivity (%) Reference 

Ni3HITP2/rGO 420 nm CO (21925) 92.5 [94] 
CdS/NH2-UiO-66 300 W Xe lamp 400–760 nm CO (521.9) n/a [95] 
Zn-MOF/ZIF-67 nanosheets Xe lamp 420 nm 120 mW cm− 2 CO (114.5)f) 91 [96] 
CdS@Co(BDC)-20 420 nm CO (21925) 92.5 [97] 
Co-MOL@GO 450 nm CO (18016.7) 95 [98] 
TiO2-in-MIL-101-Cr–NO2 Xe lamp CO (12800) 11.3 [99] 
CdS/Co-ZIF-9 300 W Xe lamp, > 420 nm CO (2400) n/a [100] 
CdS/ZIF-8 >420 nm CO (803.2) 83.96 [101] 
CdS/UiO-bpy/Co >420 nm CO (235) 85 [102] 
TPVT-MOFs@g-C3N4 LED visible light CO (56.4) 99 [103] 
CdS/MIL-101(Cr) >400 nm CO (16.3) n/a [104] 
BIF-20@g-C3N4 400–800 nm CO (15.5) 22.4 [105] 
CsPbBr3QDs/UiO-66-NH2 300 W Xe lamp >420 nm CO (8.21) CH4 (0.26) 96.9 [106] 
MAPbI3@PCN-221(Fe0.2) >400 nm CO (6.6) CH4 (12.9) 34 [107] 
Au/UiO-66-NH2/GR >400 nm HCOOH (505) 80.9 [108] 
UiO-66-NH2/2.0GR 300 W Xe lamp >410 nm HCOOH (418.7) 78.6 [109] 
Au/PPF-3_1 >400 nm HCOOH (42.7) 100 [110] 
d-UiO-66/MoS2 >400 nm HCOOH (39) 94 [111] 
Zn-Bim-His-1@GQD >420 nm CH4 (20.9) 85 [112] 
CsPbBr3@ZIF-67 620 nm Xe lamp CO (1.67) CH4 (10.2) 82.1 [113] 
CPO-27-Mg/TiO2 16 W laser,365 nm CO (4.09) CH4 (2.35) 36.5 [114] 
Cu2O@MOF(Zn)-1 Xe lamp CH4 (1.9) 100 [115] 
Cd0.2Zn0.8S@UiO-66-NH2 300 W Xe lamp, >420 nm CH3OH (6.8) n/a [116] 
rGO@NH2-MIL-125 Hg lamp methyl formate (1116)  [117] 
Zn2GeO4/ZIF-8 500 W Xe lamp CH3OH (0.22) n/a [118] 
Zn2GeO4/Mg-MOF-74 200–1100 nm CO (71.9) n/a [119] 
Co-ZIF-9/TiO2 300 W Xe lamp,200–900 nm CO (17.58) CH4 (1.98) n/a [120] 
UiO-66/CNNS 300 W Xe lamp,400–800 nm CO (9.9) n/a [121] 
(Zr-PMOF)/ultrathin g-C3N4 >420 nm CO (5.5) n/a [122] 
Al-PMOF/NH2-rGO (5 wt%) Visible -light HCOO– (685.6) n/a [123] 
20 %CdS/Ni-MOF 300 W xenon lamp 365 nm CO (7.47)e) n/a [124] 
Bi2S3@NH2-MIL-125(Ti)-SH 300 W Xenon arc lamp,420 nm CO (12.46) n/a [125] 
CdS-P25/ZIF-67 300 W xenon lamp 320–780 nm CO (1.49) CH4 (1.58) n/a [126] 
ZIF-67@a-TiO2 MOF 300 W Xe lamp, 420 nm CO (10.95)d) 67.2 [127] 
PCN-224(Cu)/TiO2 300 W Xe arc lamp,λ >300 nm CO (37.21) n/a [128] 
TiO2@Cu-BTC 300-V tungsten light CH3OH (4000) n/a [129] 
TiO2/UiO-66 300 W xenon light CH4 (17.9) n/a [130] 
TiO2/NH2-UiO-66 150 W Xe arc lamp λ >325 nm CO (4.24) n/a [78] 
Fe-N-TiO2/CPO-Cu-27 70 W mercury (Hg) lamp 350–600 nm CH4 (48.23) CH3OH (2.19) n/a [131] 
Cu3(BTC)2@TiO2 300 W Xe lamp,< 400 nm CH4 (2.64) n/a [132] 
Co-MOF/Cu2O 300 W Xe lamp 420 nm CO (3.83) 100 [133] 
Cu2O@Cu3(BTC)2 visible-light irradiation >400 nm CH4 (0.091) n/a [134] 
NH2-UiO-66/SiC 300 W Xenon Lamp, λ >420 nm CO (7.30) 100 [135] 
TiO2/C@ZnCo-ZIF-L 400–800 nm CO (28.6) 99 [136] 
TiO2/AuCu/ZIF-8 Xe lamp CO and CH4 (86.9) n/a [137] 
Cu2O@Cu@UiO-66-NH2 400–800 nm CO (20.9) CH4 (8.3) n/a [138] 
TiO2/Cu2O/Cu3(BTC)2 Xe lamp 450 W CH4 (132), CO (>144) n/a [139] 
CTU/TiO2 Xe lamp irradiation >300 nm CO (31.32) n/a [140] 
CsPbBr3QDs@2D Cu-TCPP 300 W Xe lamp 420 nm CO (287.08) 

CH4 (3.25) 
99 [141] 

CsPbBr3/MIL-100(Fe) 300WXe lamp 420 nm CO (20.4) e) n/a [142] 
g-C3N4@Cu/ZIF-8 350–650 nm CH3OH (0.12)e) n/a [143] 
g-C3N4-RGONH2-MIL-125 

(Ti) 
35 W Xe lamp,450 nm CO (95.9) 

CH4 (3.48) 
CO (96.53), CH4 (3.47) [144] 

g-C3N4/CuO@MIL-125(Ti) 200–800 nm CO, CH3OH, acetaldehyde, C2H5OH (180.1, 997.2, 531.5, 
1505.7)e) 

n/a [145] 

Co-MOF/g-C3N4 300 W Xe arc lamp 420 nm CO (6.75) CH4 (5.47) n/a [146] 
Co-ZIF-9/g-C3N4 visible light (4420 nm) CO (495) n/a [147] 
NH2-UiO-66/g-C3N4 300 W Xe arc lamp 400 nm CO (31.6) n/a [148] 
C3N4@ZIF-8 300 W Xe arc lamp 300–600 nm CH3OH (0.75) n/a [149] 
g-CNQDs/PMOF visible-light CO (16.10) CH4 (6.86) n/a [150] 
g-CNQDs/Zr-MOF visible-light CH3OH (9264)e) n/a [151] 
UiO-66-NH2/CNTs 500 xenon lamp, > 400 nm HCOOH (4.55) d) 63.1 [152] 
RGO/NH2-MIL-125(Ti) Visible light,20 W LED lamp CH4 (5.7)e) C2H4 (0.6)e) n/a [153] 
g-C3N4/ZIF-67 300 W Xe lamp λ >420 C2H5OH (325.5) n/a [154] 
Ti-MOF@RuOX Xe lamp with >455 nm filter CH4 (800)e) n/a [155] 

a) μmol g− 1h− 1. 
d) μmol h− 1. 
e) μmolg− 1. 
f) nmol h− 1. 
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composite called d-UiO-66/MoS2 facilitates the photocatalytic CO2 
reduction for producing CH3COOH with a selectivity of 94% and an 
evolution rate 39 μmol g− 1h− 1. They showed that Mo-O-Zr bimetallic 
sites assist C-C coupling process by reducing the energy barrier. 
Consequently, acetic acid as a two-carbon product is produced in larger 
quantities while ethanol as another two-carbon product is produced in 
smaller quantities. 

Bismuth(III) sulfide is another kind of semiconductor which is used 
in constructing MOF composites to catalyze photochemical reduction of 
CO2. Wang et al.[125] constructed Bi2S3@NH2-MIL-125(Ti)-SH com-
posite by the growth of Bi2S3 onto NH2-MIL-125 through the covalent 
conjunction strategy. This new composite in photocatalytic CO2 reduc-
tion shows a yield of 12.46 μmol g− 1h− 1 for producing CO, indicating a 
13-fold improvement compared to when NH2-MIL-125 is used singly as 
catalyst. This improvement is attributed to the covalent coordination- 
driven intimate interfacial interaction in n-scheme heterojunction. 

In 2022, Wang et al.[126] constructed the ternary composite CdS- 
P25/ZIF-67 (P25 = commercial TiO2) by hydrothermal method. In 
photochemical CO2 reduction, the resulting MOF composite exhibits 
higher efficiency than CdS-P25 or ZIF-67 when used individually (1.58 
μmol h− 1 and 1.49 μmol h− 1 respectively for CH4 and CO production). 
The improvement in photocatalytic CO2 reduction reaction is ascribed to 
the excellent charge separation arising from the constructed dual Z- 
scheme system. 

2.2.2.2. MOF/Metal oxide composites. Another group of semiconductors 
applied in constructing MOF composites are metal oxides like Cu2O and 
TiO2 which dramatically help to promote the photocatalytic features of 
MOF composites in CO2 reduction. 

TiO2 is an inert and safe compound which has been widely used as 
metal oxide semiconductor in photocatalytic reactions such as photo-
catalytic CO2 reduction. Many efforts have been made during past years 
to fabricate the composite of TiO2 and ZIF. For example, Wu and co-
workers [126] prepared the core-shell ZIF-67@a-TiO2 MOF composite 
by hydrothermal method and low temperature calcinations. Then, they 
utilized it as catalyst in photocatalytic CO2 reduction in which it showed 
a higher efficiency toward production of CO compared to when ZIF-67 
was utilized individually (a rate of 43.8 µmol for producing CO after 
4 h irradiation with a selectivity of 67.2%). This improvement is 
generated by a-TiO2 layer due to an enhanced light adsorption as well as 
suppression of photogenerated electron-holes recombination. 

Also in 2016, Xu and coworkers constructed Co-ZIF-9/TiO2 from Co- 
ZIF-9 and TiO2 through in-situ synthetic strategy [120] which causes 
close interconnection between TiO2 and the MOF composite leading to 
higher charge separation. This MOF composite leads to a utilized 
photoelectron number which is 2.1 times as much as when TiO2 is alone, 
also revealing a higher onset potential for reduction of CO2 and an 

enhanced photocurrent density in the simulated photoelectrochemical 
CO2 reduction reaction. 

There are reports available about the preparation of composites from 
various morphologies of TiO2 and ZIF-8 [157,158] and their application 
as catalyst in photochemical reduction of CO2, all indicating an 
improved catalytic activity compared to the base materials. This pro-
motion is ascribed to the capability of composite to facilitate the 
adsorption-desorption of CO2 and the products, which finally leads to a 
boosted photoreduction of CO2 toward CO and CH4. 

During the previous years, several attempts have been made to form 
different composites from TiO2 and Cu-based MOFs. For inatance, Wang 
and coworkers constructed a system from copper(II)-porphyrin zirco-
nium MOF (PCN-224(Cu)) and TiO2 NPs [128]. This system shows a CO 
evolution rate (37.21 μmol g− 1h− 1) which is roughly 45 times as much 
as when PCN-224(Cu) is used (3.72 μmol g− 1h− 1) and 10 times as much 
as with TiO2 (0.82 μmol g− 1h− 1). This enhancement is ascribed to more 
light–harvesting of metalloporphyrin-based MOF and z-scheme mecha-
nism constructed out of the relation between MOF and TiO2 which im-
proves the separation of photoexcited charges. 

Also, there are several reports indicating the fabrication of TiO2 
composites of different morphologies with HKUST-1 through various 
methods by Credico and Wang [159,160]. These reports all indicate that 
the catalytic activity of the resulting composite improves compared to 
the base materials in producing methane in CO2 reduction reaction. This 
high performance is attributed to the close contact between two com-
ponents of the constructed MOF composite which gives rise to higher 
adsorption of CO2 by HKUST-1. Also, TiO2 component in the MOF 
composite contributes to the increased absorption of visible light, 
facilitating an efficient injection of electrons from TiO2 toward HKUST- 
1. 

In 2021, Nagababu et al.[129] constructed four MOF composites 
including Cu-BTC-MOF, Ni-BTC-MOF, TiO2@Cu-BTC-MOF, and 
TiO2@Ni-BTC-MOF (BTC: 1,3,5-benzenetricarboxylic acid) and then 
investigated their performance in photochemical CO2 reduction. Among 
them, TiO2@Cu-BTC-MOF shows a yield of 4000 μmolg− 1 for producing 
CH3OH which is a remarkable increase in comparison with analogous 
systems. Such enhancement is resulted from large internal surface areas 
and pore volume in the applied MOF composite. 

Many efforts also have been made in recent years to form a composite 
from TiO2 and Zr-based MOF. In 2020, Wang and coworkers constructed 
TiO2/UiO-66 MOF composite via a simple solvothermal and assembly 
method [130]. The optimum MOF composite with a dominant content of 
TiO2 as 81.3 wt% produces methane product with a rate of 17.9 μmol 
g− 1h− 1 and selectivity of 90.4%. Such enhanced efficiency is attributed 
to adequate exposed catalytic sites and enhanced CO2 uptake (78.9 
cm3g− 1) on the hierarchical porous structure. 

Titanate, one of the derivatives of titania, with a crystal structure like 
anatase TiO2 and 1D morphology, is another example of semiconductors 

Fig. 21. Proposed mechanism for CO2 reduction by CdS/Co-ZIF-9 [100]. With permission from the Elsevier, copyright 2015.  
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that have photocatalytic activity. Compared with common TiO2, they 
are more photocatalytically active with high surface area, uniform 
morphology, better photogenerated charge separation, and small band 
gap. Petit et al.[161] have used titanate composite to improve CO2 
photoreduction. They prepared titanate or titania/NH2-UiO-66 com-
posites with different morphologies and applied them as catalysts in 
photocatalytic CO2 reduction reaction. All of the resulting MOF com-
posites produced CO in the above reaction and performed better 
compared to their base materials. The performance of titanate/NH2- 
UiO-66 composite is around 5 times higher than titanate alone, while the 
performance of titania/NH2-UiO-66 composite is 9 times higher than 
titanate. Such improvement is attributed to better transfer of charges 
between MOF composite components. 

For the photoreduction of CO2 by pure TiO2 anatase, the available 
surfaces are limited and the poor adsorption of CO2 on the surface leads 
to low catalyst efficiency. The pore space of MOFs can be very helpful for 
increasing CO2 absorption and increasing access to catalytic sites. To 
better control this TiO2/MOF interaction and increase the catalytic ef-
ficiency, Petit et al. carried out an in situ synthesis process to develop 
NH2-UiO-66 in the presence of pre-synthesized TiO2 nanosheets leading 
to the enhancement of the available levels of TiO2. They constructed 
TiO2/NH2-UiO-66 nanocomposite via an in-situ process that allows two 
components to get in touch [78]. This composite shows improvement in 
CO2 photoreduction reaction toward CO compared with base materials. 
This improvement comes from the ability of NH2-UiO-66 to prevent the 
accumulation of TiO2 leading to greater availability of active sites, high 
porosity of NH2-UiO-66 which in turn causes more CO2 absorption on 
the surface, and also an efficient charge transfer arising from the addi-
tional photoexcited electrons. 

Moreover, many efforts have been made to make up a composite of 
TiO2 and CPO-27. For example, Shariati et al.[131] constructed Fe-N- 
TiO2/CPO-Cu-27 MOF composite by combining CPO-Cu-27 MOF with 
Fe-N-TiO2. Compared to CPO-Cu-27 when used individually, the 
resulting MOF composite shows a higher efficiency in photocatalytic 
CO2 reduction and produces methane and methanol when exposed to 
visible light irradiation. The authors also showed that partial pressure of 
water and CO2 directly influence the yield of photocatalytic reduction of 
CO2. In the best conditions (partial pressures of 0.096 bar for CO2 and 
0.785 bar for water), the production rates of 48.23 μmol g− 1

cat h− 1 and 
2.19 μmol g− 1

cat h− 1 were obtained for methane and methanol, respec-
tively. This improvment in efficiency is ascribed to high CO2 adsorption 
capacity, effective charge transfer, preventing agglomeration of NPs, 
and improving light absorption, all provided by the resulting MOF 
composite. Also, Li and coworkers combined CPO-27-Mg MOF with TiO2 
to fabricate CPO-27-Mg/TiO2 through hydrothermal self-assembly 
method [114]. This MOF composite shows higher efficiency in photo-
reduction of CO2 toward CO compared with base materials (with 
product yield of 41.2 µmolg− 1). Also, open metal sites of MOF compo-
nent prevent water reduction reaction. 

It has been found that the amount of titanium oxide loading in 
composites is important in the photocatalytic performance. For instance, 
in 2020 Ding and coworkers, introduced a new composite fabricated 
from titanium dioxide and Cr-based MOF, and investigated its applica-
tion in photocatalytic reduction of CO2. They created molecular com-
partments inside MOF composite via the growth of TiO2 within various 
pores of MIL-101 and its derivatives [99]. They investigated the struc-
ture–performance relationship by controlling the location and the 
number of TiO2 units which were created in MOF composites. They 
showed that the MOF composite (TiO2-in-MIL-101-Cr–NO2) containing 
42% TiO2 has the highest efficiency for CO2 conversion with an AQE of 
11.3 % at wavelength of 350 nm. Such facile photocatalytic CO2 
reduction is the consequence of the synergistic effect between TiO2 units 
and catalytic metal cluster. 

The way of structural organization of composites also has an effec-
tive role in catalytic performance. In one of the works, Li et al. have 
prepared TiO2 semiconductor wrapped around the MOF crystal in the 

form of a shell layer to faciliate easy photoexcitation and the absorption 
of gas molecules by the MOF are facilitated by the macroporous nature 
of shell. They formed the binary MOF composite Cu3(BTC)2@TiO2 [132] 
and demonstrated that the resulting MOF composite exhibits a higher 
efficiency (with production rate of 2.65 µmolg− 1

TiO2h− 1) in producing 
methane during photochemical reduction of CO2. The reasons for such 
better activity are: the presence of TiO2 which facilitates charge sepa-
ration and provides high-energy electrons for CO2 molecules adsorbed 
on Cu, and high adsorption of CO2 molecules by Cu3(BTC)2. Similarly, in 
2018, Shang et al. [162] compared the catalytic activities of TiO2@-
Cu3(BTC)2 and TiO2/Cu3(BTC)2 MOF composites. TiO2@Cu3(BTC)2 
contains TiO2 NPs embedded into Cu3(BTC)2, while in TiO2/Cu3(BTC)2 
the TiO2 NPs are supported on Cu3(BTC)2. They applied them as catalyst 
in photochemical CO2 reduction reaction and compared the result with 
the case where TiO2 is utilized individually as catalyst. The results 
indicated the following photocatalytic activities in producing CO during 
CO2 reduction reaction as TiO2/Cu3(BTC)2 < TiO2@Cu3(BTC) 2 > TiO2. 
The higher efficiency of TiO2/Cu3(BTC)2 is attributed to the interface 
formed between TiO2 and Cu3(BTC)2 which contributes to electron 
transfer. 

Cu2O is another metal oxide semiconductor which is favorable for 
CO2 reduction thanks to its efficient light absorption and an appropriate 
conduction band position. There have been efforts to composite Cu2O 
with Zn-MOF, Co-MOF, and Cu-MOF and all of them showed improved 
catalytic properties compared to the base materials. For example, Wen 
and coworkers introduced the catalyst resulted from Co-based MOF and 
nanocrystalline cuprous oxide [133] revealing an enhanced efficiency 
for photocatalytic CO2 reduction with an outstanding CO production 
rate of 3.83 μmol g− 1h− 1 which is 9.6 times higher than the rate ob-
tained by Cu2O alone. Compared to other reaction routes, this photo-
catalytic reduction of CO2 with enhanced selectivity toward CO is 
achieved at the interface of solid–gas reaction where no photosensitizer 
or sacrificing reagent has been applied. Also, Ng et al. [134] compared 
the catalytic activities of Cu2O@Cu3(BTC)2 and Cu2O in photochemical 
CO2 reduction toward methane production. The results indicated an 
improved activity equaling 1.9 times as much as the bare sample. This 
improvement stems from the facilitated charge separation and CO2 
adsorption by MOF component. Moreover, the ability of MOF compo-
nent to stop the corrosion of Cu2O by water gives rise to the stability of 
the resulting catalyst. In another work, Antonino et al. [115] have 
applied Zn-based MOF, the use of which is normally limited due to its 
instability at high temperatures in photochemical reduction of CO2 to-
ward methane. Then they made a composite out of the MOF and small 
Cu2O NPs which provided an enhanced photocatalytic activity in pro-
ducing methane from CO2 reduction (TOF: 50.10− 3 S− 1 at 215 ◦C). Such 
significant efficiency appears to be a result of highly photocatalytic 
performance of the framework accompanied by the small-sized Cu2O 
NPs acting as co-catalyst. 

There are some attempts made to construct ternary composites by 
integrating TiO2 with ZIFs. For instance, the ternary TiO2/Carbon@ZIF- 
L composite was fabricated in 2019 by Li et al. through growing ZIF-L on 
TiO2/C [136]. This MOF composite shows high efficiency (a rate of 28.6 
μmol h− 1 g− 1 for producing CO) and selectivity (99%) for CO2 photo-
reduction in comparison with base materials. Such improvement is 
attributed to accessible rich active sites, good light harvesting, and CO2 
capture capability due to synergism of the components of the resulting 
MOF composite. 

In an interesting example, Wang et al.[137] have reported the 
deposition of plasmonic NPs at the interface of MOF and TiO2, which can 
act both as an amplifier for excited charges and as a transfer bridge, 
leading to optimal absorption of CO2 and high photocatalytic efficiency. 
They constructed a system comprising three components as follows: 
AuCu nanoprisms, thin film of TiO2 nanoplate and NPs of ZIF. Then, they 
investigated it as catalyst in photocatalytic CO2 reduction reaction. This 
ternary MOF composite shows higher photocatalytic performance and 
an approximately 7-fold improvement (CO2 conversion rate: 86.9 µmol 
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h− 1g− 1) in CO2 reduction in comparison with the original catalyst 
without MOF (CO2 conversion rate: 12.5 µmol h− 1g− 1). This enhance-
ment is ascribed to the presence of ZIF-8 which increases the reactant 
concentration on the surface of catalyst by high adsorption of CO2. 
Moreover, AuCu nanoprisms act as an intermediator for improving the 
charge density at the intersections and making possible the charge 
transfer toward CO2 adsorption sites on ZIF-8 to reduce CO2 afterwards. 

In a similar way, Maina and coworkers designed a ternary membrane 
in which they utilized Cu-TiO2 as a substitute for AuCu nanoprisms 
[163]. They showed that this membrane exhibits higher photocatalytic 
activity towards CO2 reduction in comparison with ZIF-8 alone. Their 
study also indicated that the product yield can be controlled by dosage 
and composition of NPs. Upon using 7 µg of semiconductor NPs in the 
structure of MOF composite, a higher performance was observed in 
comparison with the pristine MOF (CO and methanol yields enhanced 
respectively by 233 % and 70 %). 

In another study, Wang and coworkwers have fabricated Cu2O@-
Cu@UiO-66-NH2 nanocubes composite by coating Cu2O@Cu using UiO- 
66-NH2 through a solvothermal approach [138]. Both Cu2O and UiO-66- 
NH2 could effectively apply visible light. Cu metal acted as an electron 
mediator for rapid delivery of photoexcited electrons from Cu2O to UiO- 
66-NH2. Hence, more energetic charge carriers took part in CO2 reduc-
tion on the surface of photocatalyst. The reduction of CO2 occurred on 
UiO-66-NH2 possessing a CB potential higher than E(CO2/CO) and E 
(CO2/CH4). Cu2O when used individually had no activity toward CO2 
reduction because of rapid recombination of photoexcited electron–hole 
pairs. Pure UiO-66-NH2 only produced CO yielding a formation rate of 
6.1 μmol g− 1h− 1. Conversely, Cu2O@Cu@UiO-66-NH2 exhibited not 
only an improved photocatalytic activity but also a higher CH4 forma-
tion. Having enjoyed this ternary structure, CO could be further con-
verted to CH4, possibly attributable to the presence of p-n junction and 
Schottky barrier. The CO and CH4 yields reached 20.9 and 8.3 μmol 
g− 1h− 1, respectively. 

Another MOF composite called TiO2/Cu2O/Cu3(BTC)2 was also 
prepared by Wang et al in 2018 [139] and exhibited an enhanced cat-
alytic activity to produce methane in photochemical CO2 reduction in 
comparison with the original components when used singly. This 
improvement is ascribed to the elevated density of charge carriers. In 
another work, CTU/TiO2 [CTU : CuTCPP on UiO-66-TiO2 and CuTCPP: 
Cu(II)tetra(4-carboxylphenyl)porphyrin] was another ternary compos-
ite constructed by Wang and coworkers, through the hydrothermal in- 
situ growth [140]. This MOF composite with optimal ratio [CTU/ 
0.6TiO2] shows a 7-fold enhanced photocatalytic reduction of CO2 to CO 
compared to base material (a rate of 31.32 μmol g− 1h− 1 for producing 
CO). The CTU composite increases the spread of titanium oxide particles 
on the surface, resulting in greater CO2 absorption and higher reaction 
efficiency. Meantime, Wang et al.[155] compared the catalytic activities 
of Ti-MOF and Ti-MOF@RuOX in CO2 methanation reaction. The cata-
lytid data reveal that the chemical stability and photocatalytic features 
of Ti-MOF are improved when it forms a composite with RuOX, conse-
quently enhancing its catalytic activity. 

Recently, ZnO/ZIF-8 and M/ZIF-8 composites (M: Pt, Au, Cu NPs) 
were prepared [164] by decorating ZIF-8 with ZnO, Pt, Cu, Au NPs and 
employed as catalysts in photocatalytic CO2 reduction under ultravio-
let/visible light irradiation. Among these MOF composites, ZnO/ZIF-8 
and Pt/ZIF-8 showed the first and second highest yields in producing 
methanol in CO2 hydrogenation reaction. Methanol production rate for 
ZnO/ZIF-8 and Pt/ZIF-8 reaches respectively 6700 and 5300 μmol g− 1 

after 1 h exposure to UV/Vis irradiation. The superior activity of Pt/ZIF- 
8 is due to its higher capability to trap the light and its high surface area 
provides a more effective interaction between CO2 and photocatalyst, 
and consequently exhibits higher efficiency compared to Cu and Au. 
Furthermore, constant generation of electron-hole pairs together with 
effective charge carrier isolation owing to formation of type II hetero-
junctions reveals a higher efficiency compared to M/ZIF-8. 

2.2.2.3. MOF/perovskite composites. Halide Perovskites such as 
CH3NH3Pbl3 and CsPbBr3, in spite of some certain weaknesses including 
low CO2 capturing ability, intense radiative recombination, slow reac-
tion dynamics, and weak stability, have attracted a special attention for 
some of their strengths including broad absorption spectrum, elevated 
extinction coefficients and extensive electron-hole diffusion lengths in 
order to be used in the structure of MOF composites acting as photo-
catalyst in photochemical reactions including photocatalytic CO2 
reduction. 

In 2022, Zhang et al.[141] constructed CsPbBr3QDs@2D Cu-TCPP 
heterojunction system and utilized it as catalyst in CO2 photochemical 
reduction reaction. The resulting system with the optimal amounts (20% 
CsPbBr3 QDs) show an improvement in photocatalytic conversion of 
CO2 in comparison with CsPbBr3 QDs when used alone, exhibiting a 
yield of 287.08 µmol g− 1for CO producing during a 4 h reaction and a 
selectivity of 99% which exhibits an almost 3.87-fold enhancement 
compared to CsPbBr3 QDs. The improved performance by the resulting 
MOF composite is attributed to better transfer of photoinduced electrons 
to the reaction center causing better adsorption and activation of CO2. 

The main role for increasing the efficiency of photocatalytic activity 
in perovskite and MOF composites can be attributed to the rapid charge 
transfer and separation at the interface between perovskite and MOF. 
This synergistic effect is well seen in the work of Zhong et al. They 
designed CsPbBr3 QDs/UiO-66NH2 MOF composite by combining 
CsPbBr3 QDs and UiO-66NH2 MOF [106]. The resulting composite 
shows higher photocatalytic activity for CO2 reduction in comparison 
with base materials, which is attributed to good transfering of electrons 
between UiO-66-NH2 and CsPbBr3 QDs, vast surface area, and excellent 
capacity of light absorption. 

Lu and coworkers have used CH3NH3PbI3 QDs as perovskite semi-
conductor and constructed a group of MAPbI3@PCN-221(Fex) MOF 
composites (x = 0–1) as catalyst for photoreduction of CO2 from the QDs 
peroveskite CH3NH3PbI3 (MAPbI3) embedded in the holes of PCN-221 
(Fex) through sequential deposition method [107]. They reported that 
the MOF composite with QDs shows a high efficiency which is 38-fold 
higher than that of a MOF without QDs for photocatalytic reduction 
reaction of CO2 toward CO and CH4. This excellent efficiency is ascribed 
to the good absorption coefficient of QDs. Also, catalytic sites of iron 
help to transfer electrons produced by CH3NH3PbI3 QDs and porphyrin 
groups. 

During recent years, some attempts have been made to construct 
CsPbBr3 with boron imidazolate framework, ZIF, and MIL-100(Fe). For 
example, Zhang et al. have encapsulated CsPbBr3 peroveskite within 
BIF-122-Co (BIF: boron imidazolate framework) to construct CsPbBr3/ 
BIF-122-Co [165]. According to their study, this new composite shows 
improved photocatalytic activity in comparison with base materials, 
which is attributable to increased stability and good charge transfer of 
halide proveskite as well as accelerated photoinduced charge separation 
all caused by BIF-122-Co. Similarly, Chen and coworkers synthesized 
CsPbBr3@ZIF-67 and CsPbBr3@ZIF-8 photocatalysts by in-situ coating 
of ZIF onto the surface of CsPbBr3 [113]. Photoconverting CO2 over 
CsPbBr3@ZIF-8 and CsPbBr3@ZIF-67 generated CO and CH4 with an 
electron consumption rate of 15.498 and 29.630 μmol g− 1h− 1, respec-
tively. Cobalt ion in these MOF composites acts as an accelerator both 
for charge separation and combining ZIF with CsPbBr3. This in turn 
provides better moisture stability, CO2 capture, and charge transfer, all 
leading to higher photocatalytic activity (2.66 & 1.39 times as much for 
CsPbBr3@ZIF-67 & CsPbBr3@ZIF-8) in reduction reaction of CO2 toward 
methan and CO in comparison to the case when CsPbBr3 is used 
individually. 

MIL-100(Fe) is one of the ideal MOFs in the synthesis of photo-
catalyst composites because it has strong and complementary visible 
light absorption to the far red and can actively participate in the electron 
transfer process. Roeffaers et al.[142] constructed CsPbBr3/MIL-100(Fe) 
in order to investigate photochemical reduction reaction under light 
irradiation. The resulting MOF composite with optimal ratio shows a 
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rate of 20.4 μmol g− 1h− 1 for producing CO which is almost 4 times as 
much as that of CsPbBr3 or MIL-100(Fe) alone. This improvement is 
attributed to high surface area, boosted light harvesting by MIL-100(Fe), 
and the synergistic effect between CsPbBr3 and MIL-100(Fe) giving rise 
to better transmission and separation of charge carriers. 

2.2.2.4. Other semiconductors such as Zn2GeO4, Zn-MOF nanosheet, etc.. 
Other semiconductors such as Zn2GeO4 and Zn-based MOF nanosheet, 
thanks to their unique properties, are used in constructing the MOF 
composites which act as photocatalyst in photocatalytic CO2 reduction 
reaction. Zn2GeO4 semiconductor is widely used as catalyst in photo-
chemical reduction reaction of CO2 due to certain properties such as 
highly arranged structure, light stability, and thermal stability. How-
ever, some defects such as poor absorption of CO2 and insufficient use of 
solar energy restrict the application domain of this catalyst. To over-
come such shortcomings, Gao and coworkers have combined Mg-MOF- 
74 and Zn2GeO4 to prepare Zn2GeO4/Mg-MOF-74 composite via hy-
drothermal method [119]. This MOF composite improves photocatalytic 
performance of CO2 reduction reaction for producing CO more than 7 
times as much as when the base materials are used. Such improvement is 
attributed to light/thermal stability of Zn2GeO4 as well as the strong CO2 
uptake of Mg-MOF-74 composite and its ability to inhibit photo-
generated electron-hole recombination. 

ZIFs have a good ability to absorb CO2 and, in addition, due to their 
high thermal and chemical stability and stability in water, they provide a 
good synergistic effect with Zn2GeO4 for CO2 photoreduction activity. 
Wang et al.[118] used ZIF-8 NPs to synthesize Zn2GeO4/ZIF-8 MOF 
composite through immobilizing ZIF-8 NPs on the surface area of 
Zn2GeO4 nanorods. The resulting MOF composite containing 25 wt% 
ZIF-8 exhibits a 3.8 times higher CO2 absorption compared to Zn2GeO4 
alone, leading to a 62% enhancement in reduction of CO2 to CH3OH in 
photochemical CO2 reduction reaction. In 2018, Sun and coworkers [96] 
applied a system containing Zn-MOF as semiconductor photosensitizer 
and [Co2(OH)L](ClO4)3 or ZIF-67 as co-catalyst. This system shows 
higher selectivity and efficiency (81.5%, TON for CO = 117.8) in pho-
tocatalytic CO2 reduction reaction in comparison with Zn-MOF bulk 
(67.9%, TON for CO = 63.6). This improvement is attributed to pro-
moted transfer of charge, efficient separation, and higher life span of 
electron-hole pairs generated by light irradiation. 

2.2.2.5. MOF/carbon material composites. Carbon materials have been 
vastly used in construction of MOF composites for photocatalytic ac-
tivities because of their large specific surface area, high thermal/ 
chemical stability, and significant electrical conductivity. Graphitic 
carbon nitride (g-C3N4) is a specific group of carbon nitride compounds. 
Because of extraordinary semiconductor features of carbon nitrides, 
they reveal an astonishing catalytic performance in a special range of 
reactions, including CO2 activation. For example, Li et al. in 2022 uti-
lized g-C3N4 to construct a MOF composite appropriate for photo-
chemical reduction of CO2. They [166] fabricated a π-π stacking hybrid 
system out of g-C3N4 and Cu-porphyrin MOF. This system shows an 
excellent efficiency in photocatalytic CO2 reduction toward ethane as a 
two-carbon hydrocarbon product (selectivity of 44%). Also, it shows a 
total selectivity of 71% for single-carbon and two-carbon hydrocarbons 
together (methane and ethane). C2H6 formation is attributed to suffi-
cient C-C coupling produced via self-reconstruction of this system during 
reaction. 

Most MOFs, such as ZIF-8, have a relatively wide band gap and 
therefore require UV light for excitation. Investigations show that the 
inclusion of noble metals reduces the band gap in MOF and leads to an 
increase in photocatalytic activity. Sayadi et al. chose copper as a metal 
that also problems faint absorption and renewed electron-hole recom-
bination induced by fast light were resolved in the catalyst [143]. They 
constructed g-C3N4@Cu/ZIF-8 nanocomposite by doping ZIF-8 and 
copper metal on g-C3N4. According to the results, the hybrid product 

generated during photocatalytic CO2 reduction toward methanol shows 
an improved efficiency equaling over 3 times as much as when ZIF-8 is 
used individually. The improvement in efficiency is attributed to higher 
absorption of CO2 on the produced hybrid (0.12 mmolg-1) in comparison 
to the base materials ZIF-8 (0.039 mmolg− 1), Cu/ZIF-8 (0.043 
mmolg− 1), g-C3N4 (0.051mmolg− 1) which may be a consequence of the 
increased surface area as well as the enhanced electrical conductivity 
due to the suppression of photogenerated holes-electrons recombina-
tion. In another work, Zhou et al. showed that suitable functional groups 
in the MOF structure along with g-C3N4 in a composite can provide a 
suitable CB for high efficiency catalytic activity. They designed a series 
of composites from TPVT-MOFs (TPVT : 2,4,6-tris(2-(pyridin-4-yl) 
vinyl)-1,3,5-triazine) and g-C3N4 with different ratios[103]. The 
resulting MOF composite shows a rate of 56.4 μmol g− 1h− 1, which is 3.2 
times higher than to g-C3N4 alone for reduction of CO2 to CO and trace 
H2. This increased activity is attributed to more favorable CB and VB for 
photoreduction reaction of CO2, which is due to the synergy of TPVT- 
MOFs and g-C3N4. Furthermore, H2O uptake on the surface of the 
MOF composite boosts CO2 absorption, which in turn leads to greater 
reduction of CO2. 

In a similar work, Tahir et al. [144] constructed a g-C3N4-RGONH2- 
MIL-125(Ti) composite (RGO: reduced graphene oxide) and utilized it as 
catalyst in photochemical CO2 reduction reaction. The results denoted 
that CO production rate in this system is respectively 5 and 2.5 times 
higher than when g-C3N4 and g-C3N4-RGO are individually used as 
catalysts. This composite shows a rate of 383.79 μmol g− 1 for producing 
CO after 4 h irradiation under visible light compared to 75.72 and 
154.73 μmol g− 1, respectively obtained by pristine g-C3N4 and the g- 
C3N4-RGO. Also this composite exhibits a CH4 evolution of 13.8 μmol 
g− 1. This improvement is ascribed to the presence of RGO which con-
structed an effective Z-scheme bridge for the separation and transfer of 
charges (Fig. 22). 

QDs are a class of semiconductor materials that not only can absorb 
strong light, but also can effectively promote the transfer of electrons 
generated by light by inhibiting charge recombination. Although QDs, as 
catalysts or cocatalysts, have the practical potential of CO2 reduction 
reaction, due to their low stability, their practical use is difficult. To 
solve this problem, QDs are loaded onto the surface of the substrate. This 
approach can effectively prevent the aggregation of QDs. However, it 
may lead to a decrease in light absorption as well as the concentration of 
active sites. MOFs provide excellent support for QDs with stereoscopic 
scattering and well-preserved light absorption capabilities. In addition, 
the close contact and matching band gap between QDs and MOFs can 
prevent the recombination of the photogenerated electrons and holes, 
thereby increasing photocatalytic activity performance. For example, Li 
et al.[145] embedded CuO as QDs in the pores of MIL-125(Ti) MOF and 
used g-C3N4/CuO@MIL-125(Ti) composite photocatalyst for the pho-
tocatalytic reduction of CO2. They constructed g-C3N4/CuO@MIL-125 
(Ti) MOF composite by encapsulating CuO QDs in the holes of MIL-125 
(Ti) and then combining it with g-C3N4. The resulting MOF composite 
with an optimized amount of g-C3N4/1%CuO@MIL-125(Ti) equaling 
2.5% shows better catalytic activity in CO2 photoreduction reaction in 
the presence of water, compared to base materials, and produces CO, 
CH3OH, acetaldehyde, and C2H5OH up to 180.1, 997.2, 531.5, and 
1505.7 μmol g− 1, respectively. Such enhanced efficiency is attributed to 
the presence of MIL-125(Ti) which prevents agglomeration of CuO QDs, 
due to its large surface area and poriferous configuration. Moreover, 
MIL-125(Ti) component when constructing a composite with CuO QDs 
stables the resulting composite in water (reducing agent) which in turn 
improves photochemical CO2 reduction reaction. Also, thanks to the 
close liaison between CuO QDs and Ti active site in MIL-125(Ti), the 
generated photoelectrons in MIL-125(Ti) and g-C3N4 can be transferred 
to the CuO QDs, and such transfer in turn contributes to the improve-
ment of photochemical CO2 reduction reaction. 

As a good semiconductor photocatalyst, g-C3N4 has potential appli-
cation in the photocatalytic reduction of CO2. To improve its practical 
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application and further increase its photocatalytic performance under 
visible light, various methods such as physical and chemical modifica-
tions have been proposed by researchers to accelerate the generation of 
electrons and holes. For example, Zhang et al.[154] constructed g-C3N4/ 
ZIF-67 MOF composite and utilized it as photocatalyst in photo-
electrochemical CO2 reduction. In photoelectrochemical CO2 reduction 
to ethanol, the resulting MOF composite shows an enhanced efficiency 
three times as much as when g-C3N4 is used individually. This 
improvement is ascribed to synergy between g-C3N4 and ZIF-67 which 
enlarges the electron-hole separation. 

There are also several attempts to form MOF composites by synthe-
sizing Co, Zn and Zr with carbon material to be used in photochemical 
reduction of CO2. For example, Wang and coworkers,[146] prepared Co- 
MOF/g-C3N4 MOF composite and analyzed its influence on photo-
catalytic CO2 reduction reaction. The resulting MOF composite showed 
an improved photocatalytic activity being almost twice as much as when 
g-C3N4 is individually utilized in photocatalytic reduction of CO2 with a 
CO and CH4 production rate of 6.75 and 5.47 μmol g− 1h− 1, respectively. 
This enhancement is ascribed to the presence of Co-MOF component in 
the resulting composite which not only causes a wide spectrum of visible 
light is absorbed, but also improves charge separation. Also, Wang and 
coworkers constructed Co-ZIF-9/g-C3N4 MOF composite from Co-ZIF-9 
and g-C3N4 [147]. The resulting MOF composite shows excellent pho-
tocatalytic efficiency in the CO2 reduction than base materials, without 
any alteration in the structure of g-C3N4 and Co-ZIF-9 after the reaction. 
This higher activity is attributed to Co-ZIF-9 that increases CO2 ab-
sorption and improves charge separation. In another work, BIF-20 as one 
of the types of ZIFs has a good potential for CO2 storage and separation. 
B-H sites of it are active centers for the photocatalytic reaction of CO2 
reduction, therefore, by equipping the pore surfaces with B-H sites in the 
MOF structure, a suitable space for the photocatalytic reaction can be 
created. However, the absorption of BIF-20 in the visible light region is 
limited due to its wide band gap. To increase the photocatalytic effi-
ciency, Xu et al. used the synergistic effect of MOF and g-C3N4. They 
prepared BIF-20@g-C3N4 from BIF-20 and g-C3N4 by electrostatic self-
–assembly method [105]. The resulting MOF composite shows an 
improvement in photocatalytic CO2 reduction activity compared to g- 
C3N4 nanosheet alone, which is equal to a 9.7-fold enhancement in CH4 
evolution rate (15.524 μmol g− 1h− 1) and a 9.84-fold enhancement in CO 
production rate (53.869 μmol g− 1h− 1) that is attributed to the B-H bond 
which traps photoexcited electrons, inhibits recombination of charge 
carriers, and increases CO2 absorption. 

Another example of MOF/g-C3N4 composite was synthesized by 

Zhang et al.[148] in which the MOF structural unit of NHx-Zr-O as active 
group plays the main role in MOF. NH2-UiO-66/g-C3N4 MOF composite 
from holey g-C3N4 and NH2-UiO-66 with rich amino group (–NH2) 
through a facile in situ growth route was synthesized. The resulting MOF 
composite with an optimized component ratio (35% of which is the MOF 
component) shows an improved catalytic activity in photochemical CO2 
reduction reaction toward CO (31.6 μmol g− 1h− 1) which shows double 
and triple enhancement respectively compared to g-C3N and NH2-UiO- 
66 alone. This improved activity is attributed to the formation of NHx- 
Zr-O which accelerates the separation and transfer of charge carriers. 

Furthermore, Zhong et al. used ultrathin g-C3N4 in the preparation of 
composite to increase the photocatalytic efficiency. They constructed a 
series of ZPUCN-x composites (Zr-PMOFs/ultrathin g-C3N4) from Zr- 
PMOFs and ultrathin g-C3N4 by in situ solvothermal method,[122] in 
which zirconium MOF is surrounded by ultrathin carbon nitride causing 
an interaction between them. This interaction facilitates separation and 
transfer of photoexcited charge carriers on the resulting MOF composite. 
The optimized composite (x = 3) leads to a CO yield of 5.05 μmol g− 1h− 1 

during CO2 reduction, which is 2.2 and 3.2 times higher than the 
analogous rates for Zr-PMOFs and bare g-C3N4, respectively. 

ZIF-8 has two unique properties that make it suitable for the fabri-
cation of ZIF-8/semiconductor composites for photocatalytic CO2 
reduction. One feature is the transparency of ZIF-8. Therefore, the light 
harvesting capacity in the composite is increased. Another feature is the 
good adsorption selectivity in ZIF-8. For the photocatalytic reduction 
reaction of CO2, it is very important that the photocatalytic system can 
efficiently absorb the reactant CO2 but not tend to the reduction prod-
ucts such as CH4, CH3OH. In 2017, Liu et al.[149] used ZIF-8 MOF and 
C3N4 to produce C3N4@ZIF-8 composite and subsequently applied it as 
catalyst in photochemical CO2 reduction to gain methanol. The resulting 
MOF composite exhibits a roughly triple increase in photocatalytic 
CH3OH production efficiency compared to when the bulk C3N4 is used 
individually. This improvement is attributed to high adsorption of CO2 
by transparent ZIF-8 and the boosted efficiency for charge separation 
caused by C3N4. 

The composites made up of MOFs and graphene quantum dots (GQD) 
were designed by Ding and coworkers. They prepared environmentally 
friendly (Zn-Bim-His-1@GQD) MOF composite by binding the GQDs 
into the cavities of Zn-Bim-His MOF composite [112]. The resulting MOF 
composite (Zn-Bim-His-1@GQDs) ameliorated photocatalytic perfor-
mance for CO2 reduction compared to base materials with evolution 
rates of 20.9 and 3.7 μmol h− 1g− 1 for CH4 and CO, respectively. This 
enhanced activity is attributed to the synergistic effect between Zn-Bim- 

Fig. 22. Formation of a Z-scheme heterojunction over the g-C3N4-RGONH2-MIL-125(Ti) nanocomposite under visible light irradiation [144]. With permission from 
Elsevier, copyright 2021. 
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His-1 and GQDs, prevention of photogenerated charges recombination 
by Zn-Bim-His-1@GQDs, and the availability of active sites enriched on 
the surface of MOF composite. 

Graphene carbon nitride quantum dots (g-CNQDs) are used to 
improve photocatalytic properties during targeted construction of MOF 
composites. This material, when combined with MOFs, gives rise to 
better electron-hole separation, and therefore improves the electronic 
properties of the product. Han et al.[150] constructed g-CNQDs/PMOF 
composite [PMOF: porphyyrin MOF] and applied it in photochemical 
CO2 reduction reaction. The resulting MOF composite shows a 2.34-fold 
improvement in the CO production rate (31.6 μmol g− 1h− 1) and a 6.02- 
fold improvement in the CH4 production rate (6.86 μmol g− 1h− 1) 
compared to when PMOF is used individually. This improvement in 
efficiency and selectivity is attributed to good separation of electrons- 
holes and long-lived electrons confined at cobalt centers, both owing 
to g-CNQDs component. 

Saikia et al.[151] constructed a binary MOF composite from g- 
CNQDs and Zr(IV)-based MOF composite (g-CNQDs@MOF) exposed to 
regular LED lamps. In the resulting MOF composite, g-CNQDs acts as a 
co-catalyst improving electron-hole separation by extending the lifespan 
of photogenerated charge carriers on the MOF composite surface. 
Therefore, these extra electrons create more active sites on the surface of 
composite, leading to a highly efficient optional reduction of CO2 to 
methanol while no other carbon or gas product is generated. 

Moreover, some attempts have been made to fabricate CNT com-
posites. For example, Yan and Yang constructed UiO-66-NH2/CNTs with 
different ratios of MOF and CNTs, through loading UiO-66-NH2 on the 
surface of CNTs via hydrothermal method [152]. This MOF composite 
with optimal amount (2 wt% CNTs), when used as a photocatalyst for 
CO2RR, provides optimum yields of 28.8 μmol and 63.1% for HCOOH 
exposed to visible light irradiation for 4 h. This efficiency is attributed to 
high specific surface area provided by UiO-66-NH2/CNTs (1.5 times as 
much as UiO-66-NH2 alone) which results in an increased absorption of 
CO2 and an efficient inhibition of photogenerated electron–hole 
recombination by CNTs. 

RGO has unique properties such as good mobility of charge carriers 
and good optical transparency and with two-dimensional structure can 
act as an excellent charge transfer conductor [167]. Zhao et al. applied 
RGO to synthesize RGO/NH2-MIL-125(Ti) [117,168] and utilized the 
resulting MOF composite in photochemical CO2 reduction. The gener-
ated products are CH3OH and HCOOCH3 and the resulting MOF com-
posite exhibits very good stability. Compositing NH2-MIL-125(Ti) with 
RGO reduces the agglomeration of RGO and enhances photogenerated 
charge separation. 

Also, Do et al.[123] constructed Al-PMOF/NH2-RGO from a 
porphyrin MOF Al-PMOF and amine-functionalized graphene (NH2- 
rGO) and used it as catalyst in photocatalytic CO2 reduction reaction. 
The results showed an improvement in CO2 photoreduction towards 
producing formate compared to base materials. Formate production rate 
stood at 685.6 μmol gcat

− 1 h− 1 yielding a selectivity of approximately 
100%. This improvement is attributed to the decreased band gap in 
graphene-porphyrin base MOF and also suppressing the potogenerated 
electron-holes recombination. On the other hand, Peng et al.[94] con-
structed a system with a composite thin film consisting of the 2D/2D 
RGO/Ni3HITP2 heterostructure as the cocatalyst, [Ru(bpy)3]+2 as the 
photosensitizer, and TEOA as electrondonor. The resulting system shows 
higher performance in photocatalytic CO2 reduction reaction toward CO 
in comparison with base materials. This improvement is attributed to 
good charge immigration within two-dimensional heterostructure, and 
higher electron density enhanced at the isolated Ni-N4 sites by the 
electrostatic charge transfer. 

Composite photocatalytic systems are classified into type-II and Z- 
scheme types based on the charge transfer pathway produced by light. 
The redox efficiency of photoinduced positive electrons and holes in the 
type II hybrid is reduced due to the migration of photoinduced electrons 
to the more positive CB and the migration of photoinduced holes to the 

more negative VB, respectively. While, in the Z-scheme, the composite 
has a good separation of photoinduced charges, and the redox process is 
carried out well. For instance, In 2019, Liu et al.[110] demonstrated that 
constructing a Z-scheme heterojunction is a practical method to separate 
photogenerated electron-holes and promote the activity of the semi-
conductor photocatalyst. They constructed O-ZnO/RGO/UiO-66-NH2 Z- 
scheme heterojunction and used it as catalyst in photocatalytic CO2 
reduction. The results indicate that the above system shows a better 
catalytic activity than O-ZnO/UiO-66-NH2 and ZnO/rGO/UiO-66-NH2 
in photocatalytic reduction of CO2 toward CH3OH and HCOOH with the 
yields of 34.83 and 6.41 μmol g− 1h− 1 respectively. 

Graphene (G) is a zero-gap semiconductor which is vastly used in 
photochemical reactions. For instance, Yan et al. constructed a ternary 
MOF composite via the hydrothermal method by modifying MOF of UiO- 
66-NH2 with Au NPs and G [108]. The new MOF composite exhibits 
higher photocatalytic activity (49.9 µmol) and also provides higher 
selectivity (80.9%) than those of UiO-66-NH2/G (71.65%) and UiO-66- 
NH2 alone (38.3%) in CO2 photoreduction to products like H2 and 
HCOOH. Such high performance is attributed to the presence of Au NPs 
for their high absorption of light. Also, G prevents recombining the 
electron-hole pairs and improves the dispersibility of UiO-66-NH2, 
providing more active sites for capturing CO2. In another study, UiO-66- 
NH2/G MOF composite was synthesized by Li et al.[109] via microwave- 
assisted in situ assembly. They applied the new compound as catalyst in 
photochemical CO2 reduction. The resulting MOF composite exhibits 
higher activity and selectivity in producing formic acid from CO2 
compared to UiO-66-NH2. This better efficiency is attributed to several 
factors including the tight junctions between UiO-66-NH2 and the sur-
face of G, small size of MOF crystal particles, high capacity of the 
resulting MOF composite to adsorb CO2, and appropriate distribution of 
UiO-66-NH2 on the surface of G. 

Silicon carbide (SiC) is another carbon material recognized as 
semiconductors. For CO2 reduction, most conventional photocatalytic 
routes are carried out in a liquid phase system, while the low solubility 
of CO2 limits its large-scale application. In contrast, in gas-solid phase 
conditions, CO2 molecules can have direct contact with the catalyst, 
which is more suitable for practical applications. The interface coupling 
plays an important role in the transmission of optical carriers. Conven-
tional thermochemical methods, such as high-temperature hydrother-
mal and calcination, improve surface coupling. However, MOFs may 
lose their structure under the conditions of these synthetic methods. In 
contrast, the liquid phase microwave method with mild conditions 
produces strong coupling at the interface of the composite while main-
taining the structure of MOFs. This method is based on microwave 
absorbent materials to produce super-hot surfaces in a very short time. 
Xiao et al.[135] selected SiC as a strong microwave absorbent for the 
microwave super-hot spot operation to drive the growth of MOF nano-
crystals. They synthesized NH2-UiO-66/SiC MOF composite from SiC 
and NH2-UiO-66 by microwave according to the super-hot spot heating 
mechanism on SiC. The resulting MOF composite showed higher effi-
ciency for photoreduction of CO2 to CO with a rate of 7.30 μmolg− 1h− 1 

which is 5 times as much as higher compared to NH2-UiO-66 as pho-
tocatalyst. This improvement can be ascribed to the enhanced capacity 
to absorb CO2 molecules due to higher specific surface area being 
available, as well as to better charge transfer and separation of photo-
generated carriers leading to better utilization of electrons. 

The transformation of MOFs into ultrathin MOL films can accelerate 
mass transfer/electron transfer and facilitate access to active sites, 
which is crucial for efficient catalytic activities. In 2021, Zhang and 
coworkers constructed Co-MOL@GO MOF composite from Co-MOL and 
GO by facile template strategy [98]. The resulting MOF composite [Co- 
MOL@GO] exhibits an improvement for CO2 photoreduction with a 
total CO yield of 3133 mmolg− 1 and CO selectivity of 95%, ca. 34 times 
higher than that of Co-MOL. This improvement in efficiency is attributed 
to better charge transfer between two components of the resulting MOF, 
which arises from synergistic effect between them. 
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Also, there is a successful attempt for the synthesis of UiO-66/CNNS 
from carbon nitride nanosheets (CNNS) and UiO-66, reported by Ye and 
coworkers. They constructed UiO-66/CNNS composite through elec-
trostatic self-assembly method from UiO-66 and nanosized carbon 
nitride nanosheets [121]. The resulting MOF composite shows higher 
photocatalytic activity for the CO2 conversion than CNNS alone (a CO 
evolution rate of 9.9 μmol gCN

− 1 h− 1). This improvement is attributed to 
the large surface area and strong CO2 capture ability caused by the 
presence of UiO-66. They proposed a mechanism according to which 
photoexcited electrons from CNNS can move toward UiO-66, restraining 
electron–hole pair recombination. As a result, long-lived electrons are 
available to reduce the CO2 molecules absorbed in UiO-66. 

Carbon dots (CDs) are a new class of fluoresent small-carbon nano-
materials with particle sizes of less than 10 nm. This group of materials 
has a vast range of applications including photochemical CO2 reduction 
reaction. In 2020, Li et al. constructed CD-decorated and CD-embedded 
NH2-UiO-66 particles and investigated the effects of these two states of 
CDs on the photocatalytic reduction of CO2 [68]. They found out that 
CDs when embedded into NH2-UiO-66 improve the photocatalytic ac-
tivity for CO2 conversion, because in this new state the charges are 
transformed and separated rather better than when CDs are decorated 
on NH2-UiO-66. 

2.2.3. MOF composites with host–guest interactions 
Another type of MOF composites is formed by encapsulating certain 

guests such as molecular catalysts, molecular photosensitizers (PSs), and 
other functional species in the cavities of the host MOF. Consequently, 
the interaction between host and guest, both charge transfer and light 
harvesting are better performed, and it finally improves the photo-
catalytic activity of resulting MOF composites. When MOF has cavities 
with appropriate sizes, one may embed simultaneously both catalyst 
molecules and PS molecules in the cavities and consequently increase 
the efficiency of the reaction. For example, Warnan and coworkers 
synthesized a supramolecule from the photocatalyst fac-ReBr 
(CO)3(4,4dcbpy) (dcbpy = dicarboxy-2,2′-bipyridine) and Ru 
(bpy)2(5,5′-dcbpy)Cl2 (bpy = 2,2′-bipyridine) as PS and the MOF MIL- 
101-NH2(Al) [169]. They found that activity and stability of the formed 
supramolecule is related to the ratio between catalyst and PS molecules. 
When the ratio of catalyst molecules to PS molecules is 7.9, the catalytic 
properties of the supramolecule in the photocatalytic reduction of CO2 
to CO greatly improve and the final accumulation with a TON value of 
18 after 4 h. 

In another report, Peng et al. designed a photocatalytic system with 
Ni3(HITP)2 (HITP =-hexaaminotriphenylene) 2D MOF in the form of 
exfoliated nanosheets as co-catalyst, [Ru(bpy)3]2+ as PS, and TEOA as 
electron donor [170] to investigate photochemical conversion of CO2 to 
CO. The resulting MOF composite exhibited high efficiency for photo-
reduction of CO2 to CO in comparison with base materials (CO yield rate 
of 3.45x104 µmolg− 1h− 1 with high selectivity of 97% for over 3 h). This 
improvement is attributable to a synergic effect resulting from high 
conductivity and highly active Ni-N4 catalytic properties accompanying 
the above conductive 2D MOF. 

Transition metal complexes are one of the light-harvesting materials 
that have the potential to convert solar energy into electricity or 
chemical fuels through the formation of long-lived charge decoupled 
excited states. Lin and coworkers prepared a MOF composite comprising 
cuprous PS and cobalt or rhenium molecular catalysts for investigating 
photochemical conversion of CO2 to CO [171]. This MOF composite 
shows improvement in the photochemical reduction of CO2 to CO dis-
playing a TON of 1328. This improvement is attributed to the increased 
stability of PS and catalyst molecules as well as an increased electron 
transfer between them. 

Ru- and Rh-polypyridyl complexes are also considered as good PSs. 
In this context, Drazniek et al. utilized MIL-101-NH2 MOF as nano-
reactor, and co-confined catalyst molecule and PS into MOF cavities. 
They [172] prepared Rh-Ru@MIL-101-NH2 composite by immobilizing 

the molecular catalyst [Cp*Rh(4,4′-bpydc)]2+ and a molecular PS [Ru 
(bpy)2(4,4′-bpydc)]2+ (bpydc : bipyridinedicarboxylic acid) into the 
MIL-101-NH2 via post-synthetic impregnation. The resulting MOF 
composite shows higher selectivity and efficiency (a rate of 132.2 
mmolg− 1h− 1) toward formate as an exclusive product, compared to 
when catalyst molecule is used individually. 

Furthermore, depending on the size of the pores of MOF composite, 
the catalyst molecule and the PS molecule can be either embedded in-
side cavity or anchored on the outside surface of the MOF composite. For 
example, Warnan and coworkers [173] have investigated a MOF iso-
reticular series UiO-66, UiO-67, and UiO-68 in terms of host-guest 
interaction with the molecular catalyst [ReBr(CO)3(4,4′-dcbpy)] and 
the molecular PS [Ru(bpy)2(5,5′-dcbpy)]Cl2. Accordingly, UiO-66 only 
allowed for [ReBr(CO)3(4,4′-dcbpy)] and [Ru(bpy)2(5,5′-dcbpy)]Cl2 
anchoring to occur on the particle surfaces; UiO-67 allowed [ReBr 
(CO)3(4,4′-dcbpy)] to reside inside the cavities, and [Ru(bpy)2(5,5′- 
dcbpy)]Cl2 to anchor on the outer surface; while UiO-68 allowed both 
[ReBr(CO)3(4,4′-dcbpy)] and [Ru(bpy)2(5,5′-dcbpy)]Cl2 to reside inside 
the cavities. 

In this way, a variety of photocatalysts with different activities and 
stabilities are formed by this MOF composite series. Such difference is 
caused by the ratio between catalyst molecules and PS. Coupling of PSs 
with MOFs is a very common method to kinetically improve CO2 
photoreduction as well [174]. In 2014, Wang and coworkers coupled 
Co-ZIF-9 with a ruthenium-based PS, [Ru(bpy)3]Cl2⋅6H2O for enhancing 
photoreduction of CO2 to CO [175]. This mixture improves the photo-
catalytic reduction of CO2 compared to PS only. This improvement is 
attributed to better charge transfer and high absorption of CO2 by Co- 
ZIF-9. An analogous system was designed in which ZIF-67 and ruthe-
nium semisentisizer collaborate, and its effect on photocatalytic con-
version of CO2 to CO was investigated [175,176]. It was found that, 
under optimum conditions, the efficiency of CO2 photocatalytic reduc-
tion shows a significant improvement compared to base materials. 

Similarly, Peng and coworkers invented another composite by using 
ZIF-67 as catalyst in photochemical CO2 reduction. They constructed 
ZIF-67@PPy (PPy = polypyrrole) composite from polymerization of ZIF- 
67 with cubic crystal morphology [177]. The resulting MOF composite 
shows a roughly billion times enhancement in conductivity as well as 
higher stability, porosity and surface area in comparison with base 
materials, which improves the activity of photocatalytic CO2 reduction 
reaction (59.42 μmol of CO yield during a 4 h test and a CO evolution 
rate of 1.49×104 μmol h− 1 g− 1). This improvement is attributed to the 
synergistic effect between ZIF-67 and PPy and good PPy-mediated 
electron harvesting. 

Liao et al. developed a particular kind of MOF composite formed by 
the electrostatic force between MOF as anion and PS as cation. They 
constructed Ru@Cu-HHTP (HHTP: 2,3,6,7,10,11-hexahydroxytripheny-
lene) MOF composite from an anionic MOF Cu-HHTP as the host and a 
cationic PS [Ru(phen)3]2+ (phen: 1,10-phenanthroline) as the guest 
[178]. Due to the electrostatic interaction between PS and Cu-HHTP, the 
PSs are placed in Cu-HHTP cavities (Fig. 23). This system shows high 
efficiency in photocatalytic conversion of CO2 to CO (CO evolution rate 
of 130 mmol g− 1h− 1 with a selectivity of 92.9% under the laboratory 
light and CO evolution rate of 69.5 mmol g− 1h− 1 with a selectivity of 
91.3% under natural solar light) which is attributed to better charge 
transfer between its two components. 

Another method to enhance the efficiency of photocatalysts for the 
reduction of CO2 is immobilizing POMs inside the cavities of MOFs and 
using PS, simultaneously. For example, Draznieks et al.[179] designed a 
system in which a Keggin-type POM PW12O4O3

− and the catalytic com-
plex Cp*Rh(bpydc)Cl2 (bpydc: 2,2′-bipyridine-5,5′-dicarboxylic acid) 
were placed inside the cavities of UiO-67. The resulting composite 
[PW12,Cp*Rh)@UiO-67] improves the efficiency in photocatalytic 
reduction of CO2 to formate compared to the system lacking POM 
[Cp*Rh@UiO-67]. Such improvement is attributed to POM which plays 
the role of a proton relay. 
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Applying the composites of catalysts and MOFs enhances their cat-
alytic properties in photochemical CO2 reduction reaction. For instance, 
in 2022, Hupp et al. constructed the MOF composite [Fe-TCPP@NU- 
1000] by grafting NU-1000 to the catalyst molecule tetra(4- 
carboxyphenyl) porphyrin iron(III)chloride (Fe-TCPP) [180]. In this 
system a self-contained photocatalyst was formed by pyrene linker 
absorbing the electrons and transferring them to the porphyrin catalyst. 
Such procedure caused an improvement in the photocatalytic activity 
during CO2 reduction in comparison with most other iron porphyrin- 
based catalysts (TON: 22 and TOF: 11 h− 1 for CO production in 2 h 
illumination at 1390 nm). Finally, leaching of grafted iron-porphyrin 
from the resulting MOF composite caused a decrease in catalytic 
activity. 

Similarly, Jin and Kong constructed Ni@Ru-UiO-67 MOF composite 
from the molecular catalyst [NiII(bpet)(H2O)2] (bpet: 1,2-bis((pyridin-2- 
ylmethyl)thio)ethane) and Ru-UiO-67 MOF composite [181]. They 
demonstrated that the resulting MOF composite improves photo-
catalytic conversion of CO2 to CO yielding a TON of 581 and a signifi-
cant selectivity of 99 % after 20 h. Photoluminescence assessments 
demonstrated a smooth immigration of electrons from the excited Ru- 
MOFs toward the encapsulated Ni(II) complex, which was essential for 
the superior performance of Ni@Ru-UiO-67. Similar types of MOF 
composites have been reported in which they are utilized as catalyst in 
photochemical CO2 reduction reactions, consisting of MOFs and Ru 
catalyst. For example, in 2016, Kitagawa and coworkers synthesized 
PCP-Ru composite bearing a Ru-Co complex, through post-synthetic 
exchange (PSE) method [182]. In CO2 photochemical reduction, the 
PCP-Ru composite produced CO, HCOOH and H2 and showed the 
highest activity in conversion of CO2 to CO among similar composites. 
This improvement in activity is attributed to the synergistic effect be-
tween the gas adsorption properties of a PCP and the catalytic properties 
of a molecular catalyst. 

Sometimes incorporation of a catalytic molecule in MOFs by post- 
synthetic modification on the ligand may lead to undesirable in-
teractions between the metal complex and the solid surface, which 

reduces the efficiency of molecular catalysts. The direct preparation of 
metal complexes using the substrate as a solid ligand is a suitable 
strategy to increase catalytic activity. In this aspect, Sun et al.[183] 
constructed MOF-253-Ru(CO)2Cl2 by immobilizing active Ru carbonyl 
complex into MOF-253, and then investigated the catalytic effect of the 
resulting system on photocatalytic CO2 reduction toward formate. The 
amount of formate acquired is 12 times as much as when the individual 
materials are used as catalysts. This improvement is attributed to higher 
visible light adsorption and a greater number of photogenerated elec-
trons transmitted from ligands to the active sites of MOF-253. 

Similarly, MOF composites have been synthesized from UiO-67 MOF 
and various catalysts, to serve as catalyst in photochemical CO2 reduc-
tion reaction to acquire formic acid. As an instance, Chamber et al.[37] 
constructed Cp*Rh@UiO-67 through reacting UiO-67 with Cp*Rh 
(bpydc)Cl2 complex (bpydc = 2,2′-bipyridine-5,5′-dicarboxylic acid) in 
deionized water at room temperature for 24 h (Fig. 24), and applied it in 
the optimized state (when catalyst molecule comprises 10% of the 
resulting system) in photochemical CO2 reduction reaction to afford 
formate as the main product with high efficiency. This significant effi-
ciency arises from the large surface area provided by MOF component 
for the catalyst. 

The postsynthetic metalation of a MOF including metal-chelating 
ligands is another method for synthesis of the catalytic composites. In 
2015, Cohen et al.[184] used this method to prepare UiO-67-Mn(bpy) 
(CO)3Br system by incorporating a molecular catalyst into a MOF plat-
form. This system shows improvement in CO2 photoreduction in com-
parison with UiO-67 alone and homogeneous reference systems (TON 
for formate: 50 and 110 respectively after 4 and 18 h). Such improve-
ment is attributed to high CO2 adsorption on UiO-67-Mn(bpy)(CO)3Br 
and isolated catalytic sites provided by the struts of the framework, as 
well as to the enhanced stability thanks to the structure of Mn-MOF. 

Cobalt oxide species (CoOX) is a catalyst that has been widely used 
for CO2 to CO conversion and has certain advantages such as low price 
and high stability. Hence, by confining CoOX NPs in the channels of the 
MOF as a co-catalytic system one may raise the efficiency of CoOX in 

Fig. 23. Electrostatic interaction between photosensitizer [Ru(phen)3]2+ and MOF and illustration of the synthetic path forming Cu-HHTP and subsequent 
encapsulation of [Ru(phen)3]2+ [178]. With permission from the American Chemical Society, copyright 2021. 
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photochemical CO2 reduction reaction. For example, Wang et al. 
designed a novel MOF composite [185] namely CoOx/MIL-101(Cr) to 
improve CO2 photoreduction. This MOF composite shows higher activ-
ity for photoreduction of CO2 to CO in comparison with bare CoOx and 
MIL-101(Cr) (with producing of 28.7 μmol⋅h− 1 CO). 

Ir single atoms are active centers to promote activation of gas mol-
ecules such as CO2 and produce liquid fuels under visible light and mild 
conditions. Wang and coworkers [186] reported that Ir single atoms as 
catalytic centers anchored on the metal nodes of the gas-permeable 
organic framework membranes could improve the electronic structure 
of such photocatalysts and make them more efficient in photocatalytic 
CO2 reduction reactions. For example, Iridium single atom being 
anchored on the metal node of activated NH2-UiO-66 advances CO2 
reduction reaction toward the formic acid product with an AQE of 
2.51% at 420 nm on the gas liquid–solid reaction interface. 

Bi2MoO6 is an excellent photocatalyst and solar-energy-conversion 
material for degradation of organic compounds such as CO2 under 
visible-light irradiation [153,187]. In 2022, Cai et al.[188] constructed 
Ce-MOF/Bi2MoO6 heterostructure by intense contact between two 
components via the electron coupled structure, and then applied it as 
catalyst in photochemical CO2 reduction reaction. The new system 
exhibited a higher efficiency in comparison with Ce-MOF and Bi2MoO6 
when each component is used individually. The optimized photocatalyst 
produces CH4, CH3OH, and HCOOH with evolution rates of 113.87, 
4.59, and 73.48 μmol g− 1h− 1, respectively. This improvement is 
attributed to the high surface area provided by Ce-MOF and efficient 
electron transfer by Bi2MoO6. Also, enhanced interfacial interaction 
appears to increase the separation and transfer of photogenerated 
charge carriers. In another work, copper, thanks to its amphoteric 
character as well as cheap, appears to be a good applicant to be coupled 
with ZIF-8. Therefore, the compounds of Cu/ZIF-8 are expected to 
exhibit improved photocatalytic reactions toward producing methanol. 
In 2018, Goyal et al.[189] prepared Cu/ZIF-8 MOF composite via a 
hydrothermal method and employed in photochemical reduction of CO2 
to methanol. The resulting system with optimal ratio shows enhance-
ment in photocatalytic activity in comparison with base materials (a 
methanol yield of 35.82 μmol g− 1 L− 1 after 6 h). This improved activity 
is attributed to the solvent effect in the synthesis method and the amount 
of Cu loading over ZIF-8. 

Recently, Roy et al.[190] constructed Ce/Ti-based bimetallic 2-ami-
noterephthalate MOF and Ce-terephthalate MOF, and then applied them 
as catalysts in photocatalytic CO2 reduction. The authors indicated that 

Ce/Ti-based bimetallic 2-aminoterephthalate MOF (UiO-66) exhibits 
better efficiency in photocatalytic CO2 reduction toward acetic acid in 
comparison with Ce-terephthalate MOF. The H2 generation was inves-
tigated for the pristine Ce-terephthalate MOF and the photocatalyst 
Ce0.5Ti0.5-MOF- NH2 (Fig. 25). Such better efficiency arises from higher 
flux of photogenerated electron-holes and their recombination at a 
lower rate, higher capability to adsorb CO2 as well as an appropriate 
band gap. 

Generally, the comparison of electroreduction and photoreduction of 
CO2 shows that both methods have some advantages and limitations. In 
photoreduction procedure, there are few MOFs able to promote photo-
reduction reaction efficiently, because most MOFs are not good electron 
conductors and most MOFs show a poor performance in the photo-
catalytic reaction, which is often due to the poor absorption of visible 
light and the absence of active electrons. On the positive side, photo-
reduction uses the free and accessible light source of the sun to excite 
electrons and, photoreactors are relatively simple systems. In compari-
son, electroreduction requires a battery power source to carry out the 
process. In addition, the selectivity in photoreduction is better than in 

Fig. 24. Constructing Cp*Rh@UiO-67 from UiO-67 and rhodium complex catalyst through post-synthetic linker exchange [37]. With permission from the Wiley- 
VCH, copyright 2015. 

Fig. 25. Photocatalytic H2 process against the time for the pristine Ce-UiO-66 
and Ce0.5Ti0.5UiO-66-NH2 [190]. With permission from American Chemical 
Society, Copyright 2022. 
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electroreduction. 
The list of some MOF composites with host-guest interaction for 

photocatalysis application of CO2 reduction reaction is summarized in 
Table 4. 

2.3. Photoelectroreduction of CO2 by MOF composites 

Photoelectroreduction is another method for CO2 reduction to value- 
added products. This method is like electroreduction in terms of the 
experimental setup but instead of normal conducting electrodes used in 
electroreduction it applies semiconductor electrodes. Thanks to the solar 
energy entered the story, this method decreases electricity consumption 
in comparison with electroreduction method. Photoelectroreduction can 
reach higher efficiency in comparison with photoreduction, and it is 
attributable to the ability of external bias voltage to shift the partition 
between photogenerated electrons and holes as a major obstruction 
which restricts the photocatalytic efficiency. An ordinary photo-
electrochemical reduction system has a semiconductor which absorbs 
light to boost the reaction on the electrode surfaces. Fig. 26 illustrates 
three typical bipartite photoelectrochemical units. Semiconductors may 
be utilized either as photocathode (Fig. 26A) or photoanode (Fig. 26B). 
Both electrodes can also benefit from semiconductor photocatalysts 
(Fig. 26C) [3]. 

Jain et al.[191] reported the conversion of CO2 gas into two-carbon 
alcohol (ethanol) by photoelectroreduction method. They applied a 
ternary composite containing CuxO/GO and Cu-MOF as photocathode. 
This MOF composite delivered excellent efficiency in CO2 reduction 
with the maximum ethanol yield of 162 uMcm− 2 after 4 h at potential of 
− 0.5 V vs Ag/AgCl. This excellent efficiency is attributed to good charge 
separation as well as high mobility and density of photogenerated 
charge carriers, leading to more availability of photoelectrons for CO2 
reduction. Moreover, DFT calculation indicates that the absorption of 
CO2 on Cu atoms occurs vertically, which in turn enhances CO2 ab-
sorption on the MOF composite surface due to the proximity of CO2 
molecules to the surface. 

Two-dimensional nanosheets can have efficient catalytic activity for 
CO2 reduction due to their attractive features such as large surface area 
and regular porosity. However, major reduction products such as CO or 
formic acid are produced resulting from the transfer of one or two 
electrons. Cheng et al.[192] used CuS NPs as additive to produce valu-
able reduced products such as hydrocarbons with high selectivity. They 
anchored CuS NPs on Cu-MOF nanosheet (Cu-porphyrin) and applied 
the resulting system as cathode in photoelectrochemical reduction of 
CO2. The results indicate that this catalyst can form ethanol with a high 
selectivity and efficiency. Total conversion rate of carbon atom in 

photoelectroreduction of CO2 over this cathode catalyst is 5174 
nmolh− 1cm− 2 with a selectivity of 74.4% for ethane product. CuS by 
amplifying the binding energy to adsorb CO* in S atoms (1.5 eV) en-
hances the catalytic activity of the MOF composite. 

TiO2 is another widely used semiconductor employed in the photo-
electrocatalysis of CO2 reduction reaction. This semiconductor under 
radiation according to the energy of the band gap can produce e− /h+

pairs that have an acceptable separation under the potential created at 
the interface between the electrode (semiconductor) and the electrolyte. 
For instance, in 2018, Cardoso et al. constructed Ti/TiO2NT-ZIF-8 MOF 
composite by precipitating ZIF-8 on TiO2 nanotubes via layer-by-layer 
method [193]. They applied this MOF composite as a photo-
electrocatalyst for CO2 reduction reaction in aqueous solution. The MOF 
exhibited an efficient photoelectrocatalytic performance in converting 
CO2 into methanol and ethanol (production rates of up to 10 mmolL− 1 

for C2H5OH and 0.7 mmolL− 1 for CH3OH in 0.1 molL− 1 at 0.1 V, exposed 
to visible light irradiation). They ascribed this excellent efficiency to the 
presence of ZIF-8 which acts not only as CO2 adsorbent but also as a co- 
catalyst. Table 5 shows the parameters related to three photo-
electrochemical reactions by MOF composites as photoelectrocatalysts. 
The reduction products are ethanol or methanol. 

2.4. Hydrogenation of CO2 by MOF composites 

CO2 hydrogenation is a chemical reaction typically catalyzed by 
metals with hydrogenation activity like ruthenium, platinum, nickel and 
palladium, among others. One of the industrial catalysts used in the 
production of methanol from CO2 hydrogenetion is Cu/ZnO/Al2O3, 
which has some limitations such as cogeneration of CO gas and deacti-
vation by coke deposition. Thus, some efforts have been made to utilize 
MOF composites to find a more efficient alternative for this commercial 
catalyst. The results were compared with Cu/ZnO/Al2O3 as the bench-
mark catalyst. In one pioneering study, Yaghi and coworkers reported 
how the support influences the catalytic activity of Cu when incorpo-
rated within different types of MOFs, such as UiO-66, MIL-101(Cr), ZIF- 
8, MOF-26, to produce methanol by CO2 hydrogenation [194]. They 
found that UiO-66 is the best solid for the promotion of copper catalytic 
properties in CO2 hydrogenation reaction since it catalyzes the hydro-
genation of CO2 with a molar ratio of 1/3 for CO2/H2 at a pressure of 10 
bar and a temperature of 175 ◦C in order to produce methanol with a 
selectivity of 100 %. Interestingly, the observed TOF (10 h− 1) is about 8 
times higher than with Cu/ZnO/Al2O3 as benchmark catalyst. Calcula-
tion shows that in Cu@UiO-66, the 3d binding energy of Zn moved to-
ward lower oxidation state compared to UiO-66, indicating that upon 
getting in contact with Cu NPs, the Zr(IV) 3d energy decreased because 

Table 4 
Various MOF composites with host-guest interaction as photocatalyst for CO2 reduction.  

MOF Composite Light source Illumination range Main carbon products a) Selectivity (%) Ref. 

Ru@Cu-HHTP >400 nm CO (130000) 92.9 [178] 
ReRu-66 100 W LED lamp 450 nm CO (83800)b) 100 [173] 
Ni3(HITP)2 MOF 420 nm CO (34500) n/a [170] 
CoOx/MIL-101 >420 nm CO (28700) 70.3 [185] 
ZIF-67@PPy 420 nm CO (14900) 63.1 [177] 
(PW12,Cp*Rh)@UiO-67 >415 nm HCOOH (58300)b) n/a [179] 
Ir1/A-aUiO >400 nm HCOOH (510) 99 [186] 
Rh-Ru@MIL-101-NH2 >415 nm HCOOH (26.4) 100 [172] 
Ni@Ru-UiO-67 450 nm CO (581)c) n/a [181] 
Fe-TCPP@NU-1000 1390 nm CO (22)c) n/a [171] 
Zr-DMBD − Co visible light CO (97941)c) 98 [174] 
Co-ZIF-9/Ru >420 nm CO (41.8)  [175] 
Cp*Rh@UiO-67 300 W Xe arc lamp, 415 nm HCOOH (n/a) n/a [37] 
UiO-67-Mn(bpy)(CO)3Br 470 nm HCOO– (50)c) 96 [184] 
Ce-MOF/Bi2MoO6 350–600 nm CH4 (113.84) CH3OH (4.59) HCOOH (73.48) n/a [188] 
2Cu/ZIF-8 N2 500 W xenon lamp 530–580 nm CH3OH (35.82 μmol g− 1 L− 1 after 6 h) n/a [189] 

a) μmol g− 1h− 1; b) μmol− 1mmol− 1h− 1; c) TON. 
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of metal-support interaction. 
Zeng and coworkers integrated photothermal effect and heat insu-

lation by constructing AuPt@ZIF MOF composite to reduce the reaction 
temperature of CO2 hydrogenation [195]. In the resulting MOF com-
posite, ZIF prevents heat spreading over the solution, Au NPs transform 
light energy to local heat, and Pt NPs act as a role of catalyst in this 
reaction. They showed that the catalytic activity of Au-Pt@ZIF under 
light irradiation at 100 ◦C is comparable to that obtained in the dark at 
150 ◦C. This MOF composite shows a TOF of 1522 h− 1 (about 13 times as 
much as the TOF obtained in the dark) for producing CH3OH under light 
irradiation at 150 ◦C. 

Alloy metal NPs together with semiconductors can provide active 
and efficient catalytic sites for CO2 hydrogenation. Mori et al.[196] used 
Pd@Ag alloy NPs for this purpose and observed that the catalytic ac-
tivity was ten times higher than that of monometallic Pd/TiO2 com-
posite. They constructed PdAg/TiO2@ZIF-8 MOF composite and 
investigated its catalytic activity for producing formic acid from CO2 
hydrogenation under reaction conditions of 2 MPa at 100 ◦C. The 
optimized MOF composite (thickness of ZIF-8 layer: 1.6 nm) exhibits a 
double activity compared to base materials, which is attributed to sup-
pressing the agglomeration of NPs during the catalytic reaction. Further, 
the same group [197] constructed ZIF-8@PdnAgm@ZIF-8 system 
[PdnAgm NPs, n and m represent the theoretical mole ratio of Pd and Ag, 
respectively] and utilized it as a catalyst in CO2 hydrogenation. Among 
them, ZIF-8@Pd1Ag2@ZIF-8 yielded the maximum catalytic perfor-
mance in producing formic acid, while any greater or less Pd:Ag ratios 
decreased the catalytic activity. This higher catalytic efficiency is 
attributable to the synergistic effect generated by synthesizing PdAg 

alloy and ZIF-8 support. The electron-rich Pd sites provided by charge 
transfer from Ag to Pd and the basic N groups within the nanopores of 
the ZIF-8 significantly contribute to the improved production of formic 
acid. 

Jiang et al.[198] synthesized UiO-68-supported NHC-Cu(I)-H in 
which N-heterocyclic carbene (NHC) is applied to anchor coinage metal 
hydrides M(I)-H (M: Cu, Ag and Au) onto the organic linker of UiO-68. 
The resulting MOF composite, when used in CO2 hydrogenation, pre-
sents well-defined active sites suited for the production of methanol with 
significant efficiency. One of the common catalysts in CO2 hydrogena-
tion is Cu/ZnOx, the catalytic properties of this catalyst are diminished 
due to the condensation of copper NPs and separation from ZnOx. When 
Cu/ZnOx is encapsulated within special MOFs, the MOF cavities prevent 
Cu NPs agglomeration and consequently the catalytic features of Cu/ 
ZnOx are enhanced. Wang and coworkers used (UiO-bpy) MOFs as novel 
support for NPs of Cu/ZnOx catalyst [199]. They constructed a MOF 
composite called Cu/ZnOx@UiO-bpy (bpy: 2,2′-bipyridine) through 
anchoring the Cu/ZnOx NPs on the UiO-bpy MOF. The strong interaction 
created between Cu/ZnOx and bpy prevents the agglomeration of copper 
NPs and phase separation between Cu and ZnOx. They showed that the 
resulting MOF composite catalyzes CO2 hydrogenation and produces 
CH3OH with a yield of up to 2.59 gMeOHkgCu 

− 1h − 1 and 100% selectivity 
at 250 ◦C and the pressure of 40 bar with a H2/CO2 ratio of 3. 

Loc et al. [200] used stable UiO-66 MOF as a support for Cu, ZnO NPs 
to catalyze the reduction reaction of CO2. They constructed Cu/ 
ZnO@UiO-66 MOF composite and utilized it as catalyst in CO2 hydro-
genation reaction. This catalyst shows good efficiency in producing 
methanol (153.93 μmolg− 1h− 1). Such high efficiency is attributed to 

Fig. 26. Three candidates for bipartite photoelectrochemical units to be used in CO2 reduction divided by proton-exchange membranes. (A) Semiconductor acting as 
photocathode. (B) Semiconductor acting as photoanode. (C) Semiconductors act both as photocathode and photoanode [3]. With permission from the Royal Society 
of Chemistry, copyright 2016. 

Table 5 
Various MOF composite photoelectrocatalysts for CO2 reduction.  

MOF composite Electrolyte Light source, wavelength Main carbon product Potential Ref. 

GO/CuxO/Cu-BTC 0.1 M KHCO3 + 0.1 M Na2SO4 (4:1) 150 W Xe lamp C2H5OH (162)a) − 0.5 V vs. Ag/Ag Cl [191] 
CuS/CuPor NSs 0.5 M H2SO4/0.5 M NaHCO3 300 W Xe lamp, 320–410 nm C2H5OH (5174)b) − 2 V vs. RHE [192] 
Ti/TiO2NT-ZIF-8 0.1 M Na2SO4 125 W Hg lamp, UV–vis C2H5OH (10)c), CH3OH (0.7) c) 0.1 V vs. Ag/Ag Cl [193] 

a) uMcm− 1, b) nmolh− 1cm− 2, c) mmol L− 1. 
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spherical structure of UiO-66 MOF crystal providing large surface area. 
Another product of CO2 hydrogenation is CH4. Such a reaction which 
yields CH4 is also called the Sabatier reaction, appearing to be an 
important catalytic procedure for removing the CO2 concentration and 
producing the clean CH4 fuel. 

In 2015, Lu et al. constructed a series of highly active Ni@MOF-5 
catalysts for CO2 methanation under the low temperature through 
impregnation methods [201]. This significant catalytic activity is 
ascribed to highly uniform dispersion of Ni over MOFs. This catalyst also 
revealed almost no deactivation during long term stability tests up to 
100 h. Later in 2017, Lu and coworkers constructed a group of Ni@MIL- 
101 MOF composites by enclosing Ni NPs in MIL-101 via a double sol-
vent method [202]. The resulting MOF composite with an optimal Ni 
loading (20 wt%) showed remarkable efficiency and good selectivity for 
producing CH4 (TOF: 1.63.10− 3 s− 1 at 300 ◦C). This excellent efficiency 
is ascribed to excellent dispersion of Ni NPs and small activation energy 
(Ea = 68.9 kg/mol). In another work, nickel-based catalysts are suitable 
options for preparing CO2 reduction catalysts due to their abundance 
and low cost, high activity, and selectivity for CH4. Cheang and co-
workers constructed a Ni@UiO-66 MOF composite through the 
adsorption of Ni NPs into the cavity of UiO-66 [203]. The resulting MOF 
composite with an optimal Ni loading (20 wt%) shows high selectivity 
(100 %) and excellent activity (57.6%) in CO2 methanation reaction 
under atmospheric conditions at 250 ◦C when H2/Ar ratio is 5%, which 
is attributed to good dispersion of Ni NPs and low activation energy (Ea: 
68.9 KJ/mol). 

Chen et al.[204] have prepared Ni/UiO-66 and its activity was tested 
in CO2 hydrogenation reaction under nonthermal plasma (NTP) condi-
tions. This catalyst shows a significant efficiency in conversion of CO2 
into methane in comparison with other catalysts like Ni/ZrO2 and Ni/ 
α-Al2O3, yielding a CO2 conversion and a CH4 selectivity of 85% and 
99%, respectively, as well as a TOF (1.8±0.02 s− 1) which is twice as 
much as that of Ni/ZrO2 and Ni/α-Al2O3. This improvement both in 
efficiency and selectivity is attributed to lower energy barrier required 
to activate CO2 hydrogenation of Ni/UiO-66 in comparison with Ni/ 
α-Al2O3 and Ni/ZrO2, because the excited species (such as CO2 and H2) 
and radicals generated under NTP conditions can easily interact with 
catalyst surface and the adsorbed species, giving rise to lowered acti-
vation energy of CO2 hydrogenation reaction. 

Ni/Al2O3 catalyst has been widely used due to its availability and 
low cost. For example, in 2020, Mihet et al.[205] constructed Ni/MIL- 
101-Al2O3 by immobilizing MIL-101 on a catalytic support (Al2O3), with 
Ni NPs deposited by an adopted double solvent approach. Then, the 
catalytic activities of Ni/MIL-101-Al2O3, Ni/MIL-101, and Ni/Al2O3 
were compared toward methane production. The highest catalytic ac-
tivity was achieved by Ni/MIL-101-Al2O3 in CO2 reduction at 350 ◦C 
with a CO2 conversion rate of 85.8% and a CH4 selectivity to 93.2%, 
while the lowest catalytic activity was with Ni/Al2O3. This enhanced 
activity of the MOF composite can be attributable to the large surface 
area of MIL-101 (above 3000 m2/g), its special mesoporous structure, as 
well as excellent thermal and mechanical stability of alumina. 

Lazar et al.[206] investigated the catalytic activity of Ni NPs intro-
duced in microporous UiO-66 and mesoporous MIL-101 in the CO2 
methanation process. They constructed Ni@UiO-66 and Ni@MIL-101 
MOF composites and investigated their catalytic properties in CO2 
methanation reaction by changing some parameters such as tempera-
ture, reactant ratio, GHSV (gas hourly space velocity values), etc. The 
best catalytic performance was obtained for Ni@MIL-101 sample in CO2 
hydrogenation reaction with CO2 conversion of 56.4 % and CH4 selec-
tivity to 91.6% at 320 ◦C at CO2:H2 ratio of 1.8. This remarkable per-
formance is attributed to a significant contribution of the Ni-MOF 
interaction to the CO2 adsorption capacity. 

Recently, ruthenium compounds have been developed to serve as 
active catalyst for the hydrogenation of CO2 to carboxylic acid and 
methane. In 2022, Wang et al.[207] constructed a MOF composite called 
RuCl3@ZIF-8-Mtz [Mtz: 3-methyl-1,2,4-triazole] by anchoring RuCl3 on 

modified ZIF-8. ZIF-8 was chosen as the primary MOF and 3-methyl- 
1,2,4-triazole (Mtz) with an additional N site (mime) as a new ligand 
partially replaced the parent ligand through the post-synthetic method 
(Fig. 27). These results indicate that as N-sites in Mtz donate additional 
electron-density to Ru, they make CO2 more active. Therefore, 
RuCl3@ZIF-8-Mtz (0.29) which contains most Mtz ligands show a better 
catalytic efficiency compared to RuCl3@ZIF-8-Mtz(0.15) and RuCl3@-
ZIF-8 in CO2 hydrogenation toward formic acid. 

Recently, Mehlana et al.[208] constructed JMS-1 MOF and Ru(II) 
@JMS-1a MOF composite both of which are able to convert CO2 into 
formate in the presence of hydrogen, while Ru(II)@JMS-1a shows a 
higher efficiency than JMS-1 MOF. Under optimized conditions (total 
pressure of 50 bar, CO2/H2 = 1:4 at a temperature of 110 ◦C) it produces 
formate with a yield of 98%. Such an outstanding conversion is acquired 
by incorporating active catalytic centers in MOF. 

In another example, Wang et al.[209] prepared RuCl3@MIL-101(Cr)- 
Sal (Sal: salicylaldehyde) and RuCl3@MIL-101(Cr)-DPPB (DPPB:2- 
diphenylphosphinobenzaldehyde) MOF composites by anchoring of 
RuCl3 onto some modified MOFs including MIL-101(Cr)-Sal and MIL- 
101(Cr)-DPPB. Then they employed these MOF composites as catalysts 
in CO2 hydrogenation reaction. The results indicate that RuCl3@MIL- 

Fig. 27. Synthesis pathway of RuCl3@ZIF-8-Mtz [207]. With permission from 
the Elsevier, copyright 2021. 

Fig. 28. Catalytic performance of the different catalysts with the different 
temperatures [209]. With permission from Elsevier, copyright 2022. 
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101(Cr)-DPPB leads to a higher catalytic efficiency toward formic acid 
compared to when RuCl3@MIL-101(Cr) and RuCl3@MIL-101(Cr)-Sal. 
The observed TON for such case equals to 831 under 6 MPa (CO2/H2 =

1:1) at 120 ◦C with DMSO and H2O as the mixed solvents and Et3N as the 
base additive in the presence of PPh3. This enhanced efficiency is 
attributed to the stronger coordination electron donor interaction be-
tween Ru(III) ions and chelating groups in the RuCl3@MIL-101(Cr)- 
DPPB. The performance comparison of three catalysts is observed in 
Fig. 28. 

Sometimes, to perform highly efficient catalytic reactions, it is 
necessary to incorporate large molecules into the structure of the MOFs 
to produce catalyst MOF-composites. In 2018, Byers and Tsung designed 
a new technique for encapsulating large molecules in the pores of MOFs, 
the dissociative of linkers and their exchange is used (Fig. 29). This 
process depends on the nature of the solvent and was used for the syn-
thesis of host–guest composites for chemical catalysis. They constructed 
Ru@UiO-66 MOF composite via aperture-opening process by encapsu-
lation of the transition metal Ru complex [(t-Bu-PNP)Ru(CO)-HCl] (t- 
Bu-PNP: 2,6-bis((di-tert-butylphosphino)methyl)pyridine) in a MOF 
[210]. This MOF composite shows a good catalytic activity in CO2 hy-
drogenation reaction with a TOF value of 6.105 h− 1 at 27 ◦C and 15 bar 
with a H2/CO2 ratio of 4 for formate production. Also, this catalyst 
shows higher recyclability, more decelerated bimolecular deactivation 
actions, and better anti-poisoning capacity compared to its homoge-
neous alternative. 

Homogeneous Ru catalysts have good application potential in CO2 
hydrogenation. However, there are problems such as catalyst and 
product separation that limit their applications. Therefore, the devel-
opment of Ru-based heterogeneous catalysts is of great importance. 
Wang et al.[211] immobilized different Ru complexes RuCl3, 
[RuCp*Cl2]2 (Cp* : pentamethylcyclopentadienyl) and [Ru(C6Me6)Cl2]2 
(C6Me6 : hexamethylbenzene) on an azolium-based MOF to construct 
the so-called Rux-NHC-MOF (x = 1, 2, 3). Among these constructed 
systems, Ru3-NHC-MOF composite shows the highest efficiency with a 
TON of 3803 at 120 ◦C under a total pressure of 8 MPa (H2:CO2 = 1) for 
2 h. This high efficiency is attributed to the strong electron-donating 
ability of C6Me6 ligand of [Ru(C6Me6)Cl2]2 complex. 

Plasma is an ionized gas that consists of equivalent ionizing positive 

and negative ions and electrons. High energy electrons can provide a 
large amount of energy to activate the CO2 redox reaction at the low 
temperature. In 2019, Xu et al.[212] applied Ru/Zr-MOF catalyst for 
CO2 hydrogenation toward CH4 in an optimal ratio of H2:CO2 (4:1), with 
an assist from dielectric barrier discharge plasma. The outcomes indi-
cate that the synergistic effect between plasma and Ru/Zr-MOF com-
posite facilitates CO2 conversion toward CH4 about 1.9 times as much as 
when pure plasma and plasma with Zr-MOF are utilized (a yield of 39.1 
% and a selectivity of 94.6%). 

Another example of Ru-composite and conversion of CO2 to methane 
was recently reported [213]. Ru/SION-105 MOF (SION-105 : Eu-MOF) 
was prepared by immobilizing Ru NPs on the Eu-MOF, providing an 
indirect pathway to convert CO2 into methane. Through this new 
method, the catalyst efficiently transforms amino-alcohol to oxazolidi-
nones (upon reaction with CO2) and then to methane by hydrogen. The 
details of the reaction mechanism are illustrated in Fig. 30. 

Platinum, palladium and nickel dioxide are three common catalysts 
used for CO2 hydrogenation which reveal enhanced catalytic activity 
when supported on MOFs, and it is because of the special features of 
MOFs. Liu et al. [214] constructed Pd@PtNCs@UiO-66 MOF composite 
by encapsulating Pd@PtNPs into UiO-66, and then etched the com-
pound further to form Pd@PtNCs. The resulting MOF composite shows 
high CO2 conversion to CO with a significant selectivity. Such 
improvement is attributed to UiO-66 which prevents Pd@PtNCs from 
agglomeration and sintering. 

Jiang and coworkers [215] utilized light irradiation to improve the 
conditions of hydrogenation reaction. They prepared Pd3Cu@UiO-66 
MOF composite by encapsulating Pd3Cu NPs into UiO-66 and then 
applied the product as catalyst in hydrogenation of CO2 to methanol 
under light irradiation. According to these results, the maximum yield of 
methanol was 340 μmolg− 1h− 1 at 1.25 MPa, 200 ◦C. The acquired yield 
is 5.6 times more than when the reaction is executed in the dark. This 
improvement is attributed to light irradiation which helps to form 
HCOO* intermediate and therefore accelerates the rate determining 
step. 

In another work, Pt@UiO-67 MOF composite [216] was constructed 
by encapsulating Pt NPs in Zr-based MOF and utilized it as catalyst in 
CO2 hydrogenation reaction. This MOF composite improves the condi-
tions of CO2 hydrogenation reaction thanks to Pt NPs embedded into 
MOF structure. Under a total pressure of 8 bar and at 170 ◦C, approxi-
mately 1 % conversion of CO2 led to the formation of methanol 
(approximately 20 %) and methane (approximately 80 %). 

The reduction product of formic acid is a valuable material because it 
provides a starting material to access a wide range of useful organic 
derivatives such as carboxylic acids and amides. Recently, Makhubela 
et al.[217] by using a composite based on Pd, Ni, Pt NPs provided the 
redox reaction conditions for the production of formate. They con-
structed MOF/M composite, [M: Pd, Ni, Pt] and MOF : [Cd(bdc)(DMF)]n 
by impregnating cadmium-based MOF with Pd, Ni, and Pt NPs. Then, 
they utilized the original MOF and the resulting MOF composites as 
catalysts in CO2 hydrogenation. The MOF composite shows higher effi-
ciency than the original MOF in CO2 hydrogenation, and unlike the 
original MOF, they produced formate, selectively. Among the three MOF 
composites, MOF/Pt produced the highest amount of formate (TON: 
1500) at 170 ◦C within 2 h. This enhancement in activity (a formate 
yield of 98%) is attributed to the impregnation of metal NPs into the 
MOF which boosts the catalytic activity of active sites. 

Zhang et al.[218] prepared a group of Pd@UiO-66 catalysts with 
various loadings of Pd NPs via a sol–gel method, and their activity is 
tested in CO2 methanation reaction. The resulting MOF composite with 
optimal amounts (Pd loading of 6 wt%) shows a high efficiency, yielding 
a CO2 reduction rate of 50 % and a CH4 selectivity to 97.3 % at 340 ◦C, 4 
MPa. This remarkable efficiency is ascribed to the synergistic effect 
between Pd and UiO-66 in which the Zr-O group of UiO-66 MOF gives 
rise to an enhanced CO2 adsorption, and palladium NPs provide the 
activated CO2 with hydrogen species. 

Fig. 29. Catalysis in MOFs using aperture-opening encapsulation [210]. With 
permission from the Royal Society of Chemistry, copyright 2020. 
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Another example of the catalytic reaction of converting CO2 to 
formate by the synergistic effect of NPs incorporated to MOF was re-
ported by Mehlana et al.[219] They provided two isostructural Pd(II)- 
containing MOFs (Pd@Mg:JMS-2a and Pd@Mn:JMS-2a). When uti-
lized in CO2 hydrogenation, both exhibited higher catalytic activity than 
base materials to formate (TON values of 7272 and 9808 were respec-
tively obtained for Pd@Mg:JMS-2a and Pd@Mn:JMS-2a after 24 h). For 
such homogenous systems, the catalytic activity can be enhanced by 
anchoring them on MOFs. 

Composite M@UiO-67 (M: Pt-Pd NPs, Pt-Pd NCs) were employed by 
Xu et al.[220] Branched Pt-Pd NPs or Pt-Pd NCs were placed as core in 
UiO-67. The synthesis pathway for preparation the M@UIO-67 com-
posite is given in Fig. 31. The activity of these solids was tested in CO2 
hydrogenation. The MOF composite with Pt-Pd NCs shows an improved 
CO2 hydrogenation reaction toward CO compared to Pt-Pd NPs. This 
improvement is attributed to the hollow structure of Pt-Pd NCs. 

Stawowy et al.[221] demonstrated that MOF-supported Cu NPs can 
be an appropriate catalyst for converting CO2 into alcohols in hydro-
genation reaction. They investigated the effect of introduction of copper 
NPs to the modified UiO-66(Ce/Zr) MOF composite in CO2 hydrogena-
tion reaction toward methanol production. Initially, they exchanged 
50% of Zr content in UiO-66 with Ce and observed that the selectivity 
toward the methanol product increased from 3.5% to 28.7%. Later, Cu 
NPs was introduced to the modified UiO-66(Ce/Zr) MOF composite and 
found that the selectivity toward the methanol product enhanced to 59 
%. This improvement is attributed to Zr-Cu and Ce-Cu proper in-
teractions. In a similar work, Taylor et al.[222] prepared a series of 

CuNPs@zirconium/hafnium MOF composites and their activity is tested 
in CO2 hydrogenation reaction toward methanol. The results indicate 
that the performance of Cu/MOF composite in hydrogenation of CO2 to 
methanol depends on the rate of charge transfer between metal NPs and 
MOF which can be controlled by an appropriate assortment of functional 
group and metal species. 

Mitsuka et al.[223] constructed Cu/amorphous UiO-66 from Cu NPs 
and amorphous UiO-66 and also Cu-ZnO/amUiO-66 from Cu-ZnO 
nanocomposites and amUiO-66 by using spray-drying method. Having 
investigated the catalytic activity for CO2 hydrogenation toward meth-
anol, they showed that the catalytic activity of Cu/amUiO-66 is three 
times as much as that of Cu/UiO-66, while the catalytic activity of Cu- 
ZnO/amUiO-66 is respectively 1.5 times and 2.5 times as much as 
those of Cu/amUiO-66 and Cu-ZnO/γ-Al2O3. In all the above-mentioned 
cases, MOF composites exhibit better catalytic activity thanks to their 
unique structural properties. 

Controlling the catalytic product selectivity of CO2 reduction by 
irradiation intensity is an interesting report by Zeng et al.[224] They 
explained the use of light in order to fix metal centers of an intermediate 
oxidation state for selective chemical conversions of CO2. They 
demonstrated that when low-intensity light is applied, Cu(I) species are 
generated and ethanol is acquired as a product of CO2 reduction. 
However, by generation of Cu(0) species in darkness, methanol is 
resulted from CO2 reduction reaction (Fig. 32). 

Xu et al. utilized UiO to develop a catalytic system for CO2 hydro-
genation reaction. They [225] constructed ZnZrOx/SAPO-34@UiO-n (n 
= 66, 66-NH2 and 67), and their activity is tested in CO2 hydrogenation 

Fig. 30. Representation of CO2 methanation by using amino-alcohols.  

Fig. 31. Synthesis pathway for preparing M@UiO-67 (M = Pt–PdNPs, Pt–PdNCs) [220]. With permission from Elsevier, copyright 2019.  
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toward light olefins. The MOF composite shows very selective CO2 
reduction to 80 % yield for production of C2-C4 olefins, whereas upon 
omitting the MOF component from the above system and by applying 
ZnZrOx/SAPO-34 as catalyst, paraffin products are generated with a 
yield of 57%. These results indicate that utilizing UiO-n MOF shifts the 
product of CO2 hydrogenation from paraffins toward olefins. 

In an analogous work, Au et al.[226] immobilized molecular iridium 
catalyst in UiO MOF and used the resulted material as catalyst in CO2 
hydrogenation reaction through which a high TOF of 410 h− 1 was ac-
quired for producing formic acid under atmospheric pressure and at 85 
◦C. This improvement is ascribed to the large surface area provided by 
MOF component of new system. 

Wang et al. used a ZnO catalyst for hydrogenation of CO2. They 
[227] constructed ZnO/Zr-MOF and its catalytic performance is evalu-
ated in CO2 hydrogenation reaction. The resulting MOF composite ex-
hibits a yield of 110 mg MeOH gcatalyst

− 1 or 440 mg MeOH g Zn
− 1h− 1 with more 

than 95% selectivity for CH3OH production which is amongst the top 
amounts reported for analogous catalysts. This improvement is attrib-
uted to the capability of Zr-MOF to prevent the agglomeration of Zn NPs. 

Prior to the above study, Hong et al.[228] in a similar work had 
constructed ZnO/ZIF-8 MOF composite through epitaxial growth of a 
thin ZIF-8 on ZnO nanorods and used as catalyst in CO2 hydrogenation 
reaction. The resulting MOF composite when prepared in optimal per-
centage of components produces methanol in CO2 hydrogenation with a 
selectivity range of 66–78% and a yield range of 12.1–19.8 at 523–563 K 
at 4.5 M/Pa which is amongst the top record reported in analogous 
cases. They also showed that there is a volcanic relationship between 
CH3OH yield and the thickness of ZIF-8. 

Co NPs showed high catalytic activity and selectivity for linear hy-
drocarbons and with a low activity in the WGS (water–gas shift) reac-
tion. The special feature of Co-containing catalysts is that in their 
reaction the H2:CO ratio is close to the stoichiometric ratio and the 
methane yield increases with increasing temperature. Also, due to their 
high hydrogenation activity, mainly alkanes are produced. For instance, 
in 2018, Kustov et al.[229] constructed Co/MIL-53(Al) through 
embedding Co NPs in Co/MIL-53(Al) and utilized as catalyst in CO2 
hydrogenation reaction yielding hydrocarbon and carbon monoxide 
with high efficiency (with total CO2 conversion of 37.5% at 340 ◦C). This 
improvement in the CO2 reduction compared to the thermodynamic 
conversion is attributable to the expected shift of the equilibrium toward 
the formation of CO due to its further rapid conversion to hydrocarbons 
by the Fisher-Tropsch reaction. 

In general, it is very important to find the optimal conditions for the 
CO2 hydrogenation reaction, such as the molar ratio of H/CO2, 

temperature and pressure. Table 6 shows the types of CO2 hydrogena-
tion reactions by various MOF composites as catalysts and the conditions 
of the reactions. 

3. Conclusion and future outlook 

MOF composites, thanks to their unique structural characteristics, 
are increasingly being developed to replace conventional catalysts. 
Among others, MOF composites are also considered as potential cata-
lysts for conversion of CO2 as an undesirable greenhouse gas. To put it 
concisely, the utilizations of MOF composites as catalysts in reduction of 
CO2, including electroreduction, photoreduction, photoelectroreduction 
and hydrogenation of CO2 were discussed. Although MOF composites 
are of high capability to be utilized as catalysts in converting CO2 into 
valuable compounds, their catalytic features must be improved by 
minimizing certain weak points such as low thermal and chemical sta-
bility. Also, by fully understanding the interactions among different 
components of MOF composites, rational methods shall be designed to 
construct such compounds in a purposeful way. On the other hand, CO2 
reduction by MOF composites has been mostly carried out on a labo-
ratory scale. However, to control the atmospheric CO2, such a process 
shall be carried out on an industrial scale. It is noteworthy that the MOF 
composite catalysts made up of a combination of inexpensive transition 
metals including metal oxides and polycarboxylic aromatic compounds 
available in large scale are considered as economic catalysts. Hence, in 
the domain of industrial scale application, it is recommended to focus 
and carry out more research on this special kind of catalyst for photo-
chemical and electrophotochemical reducing of CO2. 

Moreover, major compounds obtained from CO2 reduction reaction 
by using MOF composites are usually either one-carbon compounds 
including CO, CH4, HCOOH, and CH3OH or two-carbon compounds 
including CH3CH2OH, CH3COOH, and C2H4. Thus, being inspired by the 
fact that when bimetallic MOF composites are used as catalysts the re-
action goes towards producing two-carbon products, it seems to be 
appropriate to place focus on producing valuable products with more 
than two carbon atoms. 

In electrochemical reduction of CO2, those MOF composites which 
are built using the most common elements on the Earth exhibiting an 
outstanding selectivity and Faradaic efficiency, assist the electro-
catalytic reduction of CO2. Assuming a scenario in which green, 
renewable electricity is cheap during certain valley hours, it seems 
appropriate to spend more time and effort concentrating on fabricating 
such an electrocatalyst category of MOF composites. 

Furthermore, most of MOF composites utilized as photocatalyst in 

Fig. 32. Controlling catalytic selectivity of CO2 hydrogenation using low-intensity light [224]. With permission from the Royal Society of Chemistry, copyright 2019.  
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CO2 reduction are developed on MOF architecture of ZIF, UiO, and MIL 
series because of their remarkable water stability. Therefore, it is rec-
ommended to make more efforts to construct some MOF composites 
based on other MOFs than MIL, UiO and ZIF, with high water stability, 
so that they can act as photocatalyst in CO2 reduction reaction. Also, CO2 
reduction by MOF composites using electrophotochemical method have 
not been adequately addressed yet. Since in this method the consump-
tion rate of electrical energy is reduced due to the simultaneous use of 
solar energy, and as this fact is dramatically important in economic 
terms, it appears to be a very good field for more research and 
development. 

Moreover, alcohols are the main products of photoelectrochemical 
CO2 reduction. Hence it is recommended that further efforts be made to 
fabricate other value-added chemicals including saturated and unsatu-
rated hydrocarbons as well as carboxylic acids by controlling certain 
parameters including electric current density, electrolyte solution, etc. 

In hydrogenation method, since many of MOF composites are un-
stable in high temperatures, finding an appropriate MOF composite 
being able to perform CO2 reduction in room temperature and atmo-
spheric pressure and low concentration of CO2 is of great importance. 
Consequently, MOF composites show a bright future as heterogenous 
catalysts for reduction and conversion of CO2 into valuable materials. 
The next challenges will be the removing of some deficiencies (such as 
low thermal and chemical stability) of MOF composites, their purposeful 
synthesis, and their application on an industrial scale. 

The selectivity of the CO2 reduction reaction can be increased by 
several methods. One possibility is the use of electrically active supports 
that by adjusting the voltage of the redox reaction drive the product 
selectivity to a specific compound having the matching redox potential. 
Carbon matrices can be used as supports in this method, which can also 
help selectivity through tuning the pore size and specific surface area. 
Another way to increase selectivity is to introduce special functional 
groups in the composite framework, which may increase the selectivity 
percentage even up to five times. In addition, the use of metal NPs in 
composites can improve the selectivity of carbon CO2 reaction towards 
valuable hydrocarbons. 
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P. Todorović, S.O. Kelley, E.H. Sargent, M. Eddaoudi, ACS Appl. Mater. Interfaces 
10 (2018) 31225–31232. 

[48] J. Albo, M. Perfecto-Irigaray, G. Beobide, A. Irabien, J. CO2 Util. 33 (2019) 
157–165. 

[49] S.-M. Hwang, S.Y. Choi, M.H. Youn, W. Lee, K.T. Park, K. Gothandapani, A. 
N. Grace, S.K. Jeong, ACS Omega 5 (2020) 23919–23930. 

[50] L. Ye, J. Liu, Y. Gao, C. Gong, M. Addicoat, T. Heine, C. Wöll, L. Sun, J. Mater. 
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[60] G. RamÍRez, M. Lucero, A. Riquelme, M. Villagrán, J. Costamagna, E. Trollund, 
M.J. Aguirre, J. Coord. Chem. 57 (2004) 249–255. 

[61] D. Behar, T. Dhanasekaran, P. Neta, C. Hosten, D. Ejeh, P. Hambright, E. Fujita, 
J. Phys. Chem. A 102 (1998) 2870–2877. 

[62] K. Leung, I.M. Nielsen, N. Sai, C. Medforth, J.A. Shelnutt, J. Phys. Chem. A 114 
(2010) 10174–10184. 

[63] M.L. Sun, Y.R. Wang, W.W. He, R.L. Zhong, Q.Z. Liu, S. Xu, J.M. Xu, X.L. Han, 
X. Ge, S.L. Li, Small 17 (2021) 2100762. 

[64] K.-Y.W. L. Feng, J. Willman, ACS Cent. Sci. 6 (2020) 353–359. 
[65] H. Xu, X. Luo, J. Wang, Y. Su, X. Zhao, Y. Li, ACS Appl. Mater. Interfaces 11 

(2019) 20291–20297. 
[66] K.-G. Liu, Z. Sharifzadeh, F. Rouhani, M. Ghorbanloo, A. Morsali, Coord. Chem. 

Rev. 436 (2021), 213827. 
[67] R. Abazari, S. Sanati, A. Morsali, A.M. Kirillov, A.M. Slawin, C.L. Carpenter- 

Warren, Inorg. Chem. 60 (2021) 2056–2067. 
[68] X.-Y. Dao, X.-F. Xie, J.-H. Guo, X.-Y. Zhang, Y.-S. Kang, W.-Y. Sun, ACS Appl. 

Energy Mater. 3 (2020) 3946–3954. 
[69] H. Dong, X. Zhang, Y. Lu, Y. Yang, Y.-P. Zhang, H.-L. Tang, F.-M. Zhang, Z.- 

D. Yang, X. Sun, Y. Feng, Appl. Catal. B: Environ. 276 (2020), 119173. 
[70] X.J. Kong, T. He, J. Zhou, C. Zhao, T.C. Li, X.Q. Wu, K. Wang, J.R. Li, Small 17 

(2021) 2005357. 
[71] S. Kitagawa, Chem. Soc. Rev. 43 (2014) 5415–5418. 
[72] J. Long, S. Wang, Z. Ding, S. Wang, Y. Zhou, L. Huang, X. Wang, Chem. Commun. 

48 (2012) 11656–11658. 
[73] H. Furukawa, K.E. Cordova, M. O’Keeffe, O.M. Yaghi, Science 341 (2013) 

1230444. 
[74] W.L. Queen, M.R. Hudson, E.D. Bloch, J.A. Mason, M.I. Gonzalez, J.S. Lee, 

D. Gygi, J.D. Howe, K. Lee, T.A. Darwish, Chem. Sci. 5 (2014) 4569–4581. 
[75] Y. Izumi, Recent advances (2012–2015) in the photocatalytic conversion of 

carbon dioxide to fuels using solar energy: Feasibilty for a new energy, in, 
Advances in CO2 Capture, Sequestration, and Conversion, ACS Publications 
(2015) 1–46. 

[76] N.-N. Zhu, X.-H. Liu, T. Li, J.-G. Ma, P. Cheng, G.-M. Yang, Inorg. Chem. 56 
(2017) 3414–3420. 

[77] H. Zhang, J. Wei, J. Dong, G. Liu, L. Shi, P. An, G. Zhao, J. Kong, X. Wang, 
X. Meng, J. Zhang, J. Ye, Angew. Chem. Int. Ed. 55 (2016) 14310–14314. 

[78] A. Crake, K.C. Christoforidis, A. Kafizas, S. Zafeiratos, C. Petit, Appl. Catal. B: 
Environ. 210 (2017) 131–140. 

[79] S. Ullah, A.M. Shariff, M.A. Bustam, A.E. Elkhalifah, G. Murshid, N. Riaz, 
B. Shimekit, in,, Applied Mechanics and Materials, Trans Tech Publ (2014) 
870–873. 

[80] M. Chen, L. Han, J. Zhou, C. Sun, C. Hu, X. Wang, Z. Su, Photo-reduction of 
carbon dioxide by ultra-small Ag nanoparticles doped Co-ZIF-9 under visible 
light, Nanotechnol. 29 (2018), 284003. 

[81] Y. Wang, X. Zhang, K. Chang, Z. Zhao, J. Huang, Q. Kuang, Chem., Eur. J. 28 
(2022) e202104514. 

[82] K.M. Choi, D. Kim, B. Rungtaweevoranit, C.A. Trickett, J.T.D. Barmanbek, A. 
S. Alshammari, P. Yang, O.M. Yaghi, J. Am. Chem. Soc. 139 (2017) 356–362. 

[83] Y. Jiang, Y. Yu, X. Zhang, M. Weinert, X. Song, J. Ai, L. Han, H. Fei, Angew. 
Chem. Int. Ed. 60 (2021) 17388–17393. 

[84] S.M. Liu, Z. Zhang, X. Li, H. Jia, M. Ren, S. Liu, Adv. Mater. Interfaces 5 (2018) 
1801062. 

[85] X. Deng, L. Yang, H. Huang, Y. Yang, S. Feng, M. Zeng, Q. Li, D. Xu, Small 15 
(2019) 1902287. 

[86] F. Guo, S. Yang, Y. Liu, P. Wang, J. Huang, W.-Y. Sun, ACS Catal. 9 (2019) 
8464–8470. 

[87] F. Guo, Y.-P. Wei, S.-Q. Wang, X.-Y. Zhang, F.-M. Wang, W.-Y. Sun, J. Mater. 
Chem. A 7 (2019) 26490–26495. 

[88] J. Becerra, D.-T. Nguyen, V.-N. Gopalakrishnan, T.-O. Do, ACS Appl. Energy 
Mater. 3 (2020) 7659–7665. 

[89] Y. Han, H. Xu, Y. Su, Z.-L. Xu, K. Wang, W. Wang, J. Catal. 370 (2019) 70–78. 
[90] L. Chen, Y. Wang, F. Yu, X. Shen, C. Duan, J. Mater. Chem. A 7 (2019) 

11355–11361. 
[91] D. Sun, W. Liu, Y. Fu, Z. Fang, F. Sun, X. Fu, Y. Zhang, Z. Li, Chem., Eur. J. 20 

(2014) 4780–4788. 
[92] G. Wang, C.-T. He, R. Huang, J. Mao, D. Wang, Y. Li, J. Am. Chem. Soc. 142 

(2020) 19339–19345. 
[93] Y. Fu, H. Yang, R. Du, G. Tu, C. Xu, F. Zhang, M. Fan, W. Zhu, RSC Adv. 7 (2017) 

42819–42825. 

K.-G. Liu et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0010-8545(23)00246-1/h0025
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0030
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0030
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0035
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0035
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0040
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0040
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0040
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0045
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0045
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0050
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0050
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0055
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0055
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0060
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0065
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0065
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0070
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0070
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0075
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0080
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0085
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0085
http://refhub.elsevier.com/S0010-8545(23)00246-1/h9000
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0095
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0095
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0100
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0100
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0105
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0105
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0110
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0110
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0115
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0120
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0125
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0125
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0130
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0135
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0135
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0140
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0140
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0145
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0150
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0155
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0155
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0160
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0165
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0165
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0170
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0170
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0175
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0180
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0180
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0185
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0185
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0185
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0190
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0190
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0195
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0195
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0200
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0200
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0205
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0205
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0210
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0215
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0215
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0220
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0220
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0225
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0225
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0230
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0230
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0230
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0235
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0235
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0235
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0240
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0240
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0245
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0245
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0250
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0250
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0255
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0255
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0260
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0260
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0265
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0265
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0270
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0270
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0275
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0275
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0280
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0280
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0285
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0285
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0290
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0290
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0295
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0295
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0300
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0300
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0305
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0305
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0310
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0310
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0315
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0315
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0320
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0325
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0325
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0330
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0330
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0335
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0335
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0340
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0340
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0345
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0345
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0350
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0350
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0355
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0360
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0360
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0365
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0365
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0370
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0370
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0375
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0375
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0375
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0375
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0380
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0380
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0385
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0385
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0390
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0390
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0395
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0395
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0395
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0400
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0400
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0400
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0405
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0405
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0410
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0410
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0415
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0415
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0420
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0420
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0425
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0425
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0430
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0430
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0435
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0435
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0440
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0440
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0445
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0450
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0450
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0455
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0455
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0460
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0460
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0465
http://refhub.elsevier.com/S0010-8545(23)00246-1/h0465


Coordination Chemistry Reviews 493 (2023) 215257

34

[94] Q. Mu, W. Zhu, X. Li, C. Zhang, Y. Su, Y. Lian, P. Qi, Z. Deng, D. Zhang, S. Wang, 
Appl. Catal. B: Environ. 262 (2020), 118144. 

[95] H. Zhao, X. Yang, R. Xu, J. Li, S. Gao, R. Cao, J. Mater. Chem. A 6 (2018) 
20152–20160. 

[96] L. Ye, Y. Gao, S. Cao, H. Chen, Y. Yao, J. Hou, L. Sun, Appl. Catal. B: Environ. 227 
(2018) 54–60. 

[97] Q. Mu, Y. Su, Z. Wei, H. Sun, Y. Lian, Y. Dong, P. Qi, Z. Deng, Y. Peng, J. Catal. 
397 (2021) 128–136. 

[98] J.-W. Wang, L.-Z. Qiao, H.-D. Nie, H.-H. Huang, Y. Li, S. Yao, M. Liu, Z.-M. Zhang, 
Z.-H. Kang, T.-B. Lu, Nature Commun. 12 (2021) 1–9. 

[99] Z. Jiang, X. Xu, Y. Ma, H.S. Cho, D. Ding, C. Wang, J. Wu, P. Oleynikov, M. Jia, 
J. Cheng, Nature 586 (2020) 549–554. 

[100] S. Wang, X. Wang, Appl. Catal. B: Environ. 162 (2015) 494–500. 
[101] Y. Liu, L. Deng, J. Sheng, F. Tang, K. Zeng, L. Wang, K. Liang, H. Hu, Y.-N. Liu, 

Appl. Surf. Sci. 498 (2019), 143899. 
[102] C. Chen, T. Wu, H. Wu, H. Liu, Q. Qian, Z. Liu, G. Yang, B. Han, Chem. Sci. 9 

(2018) 8890–8894. 
[103] Z. Han, Y. Fu, Y. Zhang, X. Zhang, X. Meng, Z. Zhou, Z. Su, Dalton Trans. 50 

(2021) 3186–3192. 
[104] D. Ding, Z. Jiang, J. Jin, J. Li, D. Ji, Y. Zhang, L. Zan, J. Catal. 375 (2019) 21–31. 
[105] G. Xu, H. Zhang, J. Wei, H.-X. Zhang, X. Wu, Y. Li, C. Li, J. Zhang, J. Ye, ACS Nano 

12 (2018) 5333–5340. 
[106] S. Wan, M. Ou, Q. Zhong, X. Wang, Chem. Eng. J. 358 (2019) 1287–1295. 
[107] L.Y. Wu, Y.F. Mu, X.X. Guo, W. Zhang, Z.M. Zhang, M. Zhang, T.B. Lu, Angew. 

Chem. Int. Ed. 58 (2019) 9491–9495. 
[108] X. Wang, Y. Su, G. Yang, G. Chai, Z. Xu, M.S. Nasir, X. Zheng, C. Wang, W. Yan, 

Int. J. Hyd. Energy 46 (2021) 11621–11635. 
[109] X. Wang, X. Zhao, D. Zhang, G. Li, H. Li, Appl. Catal. B: Environ. 228 (2018) 

47–53. 
[110] J. Meng, Q. Chen, J. Lu, H. Liu, ACS Appl. Mater. Interfaces 11 (2018) 550–562. 
[111] F. Yu, X. Jing, Y. Wang, M. Sun, C. Duan, Angew. Chem. Int. Ed. 60 (2021) 

24849–24853. 
[112] D. Wei, W. Tang, Y. Gan, X. Xu, Catal. Sci. Technol. 10 (2020) 5666–5676. 
[113] Z.-C. Kong, J.-F. Liao, Y.-J. Dong, Y.-F. Xu, H.-Y. Chen, D.-B. Kuang, C.-Y. Su, ACS 

Energy Lett. 3 (2018) 2656–2662. 
[114] M. Wang, D. Wang, Z. Li, Appl. Catal. B: Environ. 183 (2016) 47–52. 
[115] M. Cabrero-Antonino, S. Remiro-Buenamañana, M. Souto, A.A. García-Valdivia, 
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