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net zero by 2050 to limit global warming 
to 1.5 °C.[2] Achieving this goal requires a 
combination of efforts in different areas.

Therefore, it is essential to develop 
efficient strategies that led to an effective 
reduction in carbon dioxide emissions. A 
complementary approach could be the cap-
ture of the carbon dioxide emitted in com-
bustion processes to balance emissions 
and use it for chemical synthesis. The cap-
ture and use of CO2 (CCU) is an area in 
fast development due to the high research 
interest on this topic which has grown 
exponentially in recent years.[3,4] Especially 
challenging is the transformation of CO2 
into chemicals[5–11] and fuels.[12,13] This is 

a very attractive idea, as carbon dioxide can be a low-cost and 
abundant carbon source for all carbon-based materials. How-
ever, CO2 is a very stable molecule (ΔGf

0 = −394.228 kJ mol−1)[14] 
since carbon is at its most stable valence (IV), so to transform 
CO2 into other products, catalysts and/or highly reactive sub-
stances must be used.

The direct reduction of CO2 to give CO2
•− is an unfavorable 

process with a formal reduction potential of −1.90  V. Fortu-
nately, proton-assisted electron transfer (PAET) is a more 
favorable process that can give place to multiple reductions of 
CO2 leading to several different products like CO, HCOOH, 
HCHO, CH3OH, C2H4, or CH4 with similar reduction poten-
tials varying between −0.24 and −0.61 V as shown in Table 1.

Despite the more favorable thermodynamics of these pro-
cesses, the large stability of CO2 makes the barriers for any 
reaction of this compound very high, so for its transforma-
tion, it is necessary a significant energy input and the use 
of efficient catalysts. The most common ways to tackle this 
challenge are the electrochemical, photochemical, or photo
electrochemical approaches. Combined photoelectrochemical 
catalytic systems in which semiconductors are used as photo-
electrodes and molecular complexes act as catalysts have been 
also reported,[17–19] but the photochemical approach seems to be 
more attractive due to the possibility of using directly the green, 
renewable and powerful source of energy provided by the sun. 
Nature, through plants and organisms, has harvested sunlight 
energy for billions of years and used it to synthesize O2 and 
carbohydrates from CO2 and H2O. In this way, solar energy is 
efficiently stored in chemicals.[20] In natural photosynthesis, 
the photosynthetic efficiency for the solar-to-biomass conver-
sion has been estimated to be up to 6.3% for algae, 1–2% for 
crops, and less than 0.1% for most of the plants[21–23] since 
not all the visible light range is absorbed and there are energy 
losses through light dispersion or to prevent photodamage.[24] 
The artificial photosynthesis devices are designed to enlarge 
the range of light absorption and some examples are achieving 

Catalytic carbon dioxide transformation to low valence carbon molecules such 
as carbon monoxide, formic acid, methanol and methane is a sustainable way 
to produce fuels and chemicals. Molecular catalysts can be designed to selec-
tively transform CO2 at mild conditions, but a solvent medium is required. 
Instead, the molecular catalysts can be immobilized on solid supports to 
facilitate the continuous flow procedure and the separation of the products to 
recycle the catalytic systems for a more sustainable process. Photosensitive 
supports may also favor the light-absorbing steps and electron transfer pro-
cesses. In this article, the recent results obtained in the photocatalytic CO2-
reduction using catalytic systems formed by molecular compounds anchored 
on solids are reviewed.
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1. Introduction

Carbon dioxide, CO2, is the product of the aerobic combus-
tion of carbon-containing reagents. As such, large amounts of 
CO2 are generated by human activities mainly by the burning 
of fossil fuels to obtain energy for transport and industrial pro-
duction. These anthropogenic emissions are estimated to be of 
the order of 35 Gt of CO2 per year, part of which has accumu-
lated in the atmosphere, reaching a concentration of more than 
400  ppm.[1] CO2 is one of the gases that generates the green-
house effect, so the increase in its concentration is considered 
to contribute to climate change, what has led to an increase in 
the global temperature of the planet. Recent climate summits 
(Kyoto 1992, Paris 2015, Chile-Madrid 2019, and the Glasgow 
Climate Change conference 2021) have concluded that carbon 
dioxide emissions should be reduced by 45% by 2030 and reach 
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higher efficiencies than the natural photosynthesis systems 
(>10% for solar-to-hydrogen).[25,26]

Given their advantages and interesting possibilities, the 
scope of this review is centered on the photocatalytic systems 
consisting of molecular catalysts supported on solid mate-
rials, paying special attention to the metal complexes and their 
coordination environments.

The main families of catalysts used for photoreduction of 
CO2 are metal oxides, inorganic semiconductors,[27,28] metal−
organic frameworks, (MOFs),[29,30] molecular catalysts, and 
hybrid semiconductor with molecular catalysts.[31] Also, photo-
biocatalytic systems combining semiconductors and enzymes 
have been reported for CO2 reduction but enzyme-based cata-
lysts are more selective but less stable under catalytic condi-
tions.[17,32] Metal oxide semiconductors are often highly stable 
under catalytic conditions but present poor selectivity due 
to the competitive hydrogen evolution. Most common metal 
oxides used, such as TiO2, ZnO, and ZrO2, have poor absorp-
tion in the visible range, so they have to be sensitized or doped 
to increase the absorbance.[33]

Metal complexes[34–36] are predominant molecular catalysts 
in the studies of photocatalytic CO2 reduction due to the clear 
advantages they present. The transition metals in which they 
are based can present different oxidation states, what promote 
PAET reactions and their metal centers are active sites for CO2 
coordination. Metal complexes, such as rhenium(I) bipyridine 
derivatives are efficient in light absorption in the visible range[37] 
and their properties (including stability, redox potentials, induc-
tive, and steric effects) can be tuned by modification of the 
ligands and consequently their reactivity can be controlled. This 
characteristic is very important given that selectivity is a crucial 
issue in this process, due to the similar reduction potentials 
of the reactions to obtain different products from CO2 and the 
modulation of the catalyst reactivity is essential to improve its 
performance. Another attractive characteristic of these catalysts 
is that their molecular structure is well determined. This fact 
facilitates mechanistic studies that can give information about 
the relationship between structure and performance what would 
eventually help in the endeavor of designing better catalysts.

But these molecular catalysts are not free from drawbacks. 
The capacity of light absorption makes them prone to suffer 
photo-dissociation or photo-isomerization reactions, so they are 
not robust systems. On top of that, being homogenous cata-
lysts, their recyclability is not easy. This issue, together with the 
generalized use of noble and rare metals makes them expensive 

and not convenient from the environmental point of view. This 
problem is worsened by the fact that these catalysts, in many 
cases, need to work together with a photosensitizer, usually 
also based on noble metals, and a sacrificial electron donor. 
Recently, many efforts are oriented to use earth-abundant cheap 
non-noble metals in photocatalytic systems for CO2 reduction 
and sustainable related processes such as water splitting[38] and 
artificial photosynthesis.[39]

Heterogenous catalysts are mainly based on semiconductors 
or composites. Numerous studies are based on TiO2 deriva-
tives, but ZrO2 is also used frequently together with other metal 
sulfides or oxonitrides.[40–42] Carbon-based nanocomposites have 
also shown great potential as catalysts for CO2 photoreduc-
tion.[43,44] Under photoexcitation, these materials promote elec-
trons to the conduction band, which are available to reduce CO2. 
These heterogenous catalysts have the advantages of being more 
robust under the reaction conditions and easily recovered and 
recycled. On the other hand, they have the drawback of being 
little efficient under sunlight because their absorbance is mainly 
in the UV range, due to the usually large gap between valence 
and conduction bands. On top of this, their quantum efficiency 
is low and their selectivity is poor. Nevertheless, research con-
ducted on tuning these kinds of systems is expected to allow to 
overcome or mitigate these problems and make of nanocompos-
ites interesting photochemical catalysts. Better performances 
are shown by functionalized covalent organic polymers,[45,46] but 
in all cases, there is ample room for improvement.

The use of MOFs for the catalysis of CO2 reduction reactions 
has recently experienced rapid development.[47–49] The capacity 
of adsorption of CO2 and the large number of catalytic sites 
(due to their porosity and large surface) of these materials make 
them very interesting and promising systems. Another attrac-
tive characteristic is the possibility of modifying their structure 
to tune their light-harvesting properties and pore size while 
keeping it uniform. Unfortunately, they not always are stable 
under reaction conditions.

The landscape on homogenous as well as on heterogenous 
catalysis shows that, although there have been good achieve-
ments so far in some cases, the catalytic systems developed up 
to now are not free from problems.

A strategy to overcome the drawbacks of the molecular cata-
lysts, which are the ones that in general show better yields and 
selectivity, is to heterogenize them, anchoring them to some 
kind of support. If the support is not a passive spectator, it can 
contribute in one way or another in the catalysis in such a way 
that it does not only improve the catalytic system due to the 
combination of the advantages of homogenous and heterog-
enous catalysts but also enhances the performance due to the 
synergy between the activities of the molecular complex and the 
support. The success of this approach has been demonstrated, 
e.g., in the high activity and selectivity obtained in the photore-
duction of CO2 to formic acid, achieved by hybrid catalytic sys-
tems containing ruthenium complexes anchored in Ag-nano-
particles on graphitic carbon nitride support.[50]

The main advantage of heterogenized systems over semicon-
ductor-based ones is that in the first type, the molecular com-
ponent can be designed to tune the catalytic activity by ligands’ 
modifications and they can be tested separately. In semicon-
ductor-based photocatalysts, it is often difficult to control the 
photogenerated charge carriers and surface reactions due to 

Table 1.  Reduction potentials versus NHE for some reactions of CO2 in 
aqueous media.[15,16]

Reduction reactiona) ε0 [V]

CO2 + 0 H+ + 1 e– → CO2
•− −1.90

2CO2 + 0 H+ + 2 e– → C2O4
2− −0.59

CO2 + 2 H+ + 2 e– → HCOOH −0.61

CO2 + 2 H+ + 2 e– → CO + 1 H2O −0.53

CO2 + 4 H+ + 4 e– → HCHO + 1 H2O −0.48

CO2 + 6 H+ + 6 e– → CH3OH + 1 H2O −0.38

CO2 + 8 H+ + 8 e– → CH4 + 2 H2O −0.24

a)NHE: potential respect to the normalized hydrogen electrode.
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the multiple active sites that may be present, thus leading to 
less selective systems.[51] Also some of the best-suited oxides 
for photoreduction such as Cu2O, CdS, GaP, TaON, C3N4, and 
Ta3N5 present low photostability. Furthermore, semiconductor-
based systems require high purity materials of high cost, that 
tend to degrade under prolonged operation in electrolyte solu-
tions.[23] In any case, both approaches are still far from the opti-
mized conditions and should be further developed.

The molecular catalysts and support materials that have 
been used following the strategy of heterogenization show a 
large variety, and in this sense, it would be interesting to have a 
global picture of the development of these supported catalysts. 
This review presents a systematic compilation of a wide range 
of examples of the efforts made in this sense to help to further 
advance in this line of research. We expect that it will aid in the 
fight against anthropogenic CO2 atmospheric pollution.

In the next section, we provide basic information about the 
reactivity of carbon dioxide and describe the general mecha-
nism of the photocatalytic reduction of CO2. The different steps 
of this mechanism justify the need for the different compo-
nents of the catalytic systems for this reaction and explain the 
possible contribution of supports to the catalytic activity. In the 
following sections, an extensive selection of examples of sup-
ported catalysts for CO2 photoreduction is presented. It has 
been organized in different sections according to the type of 
ligand of the molecular catalyst used. This criterion was chosen 
considering that the coordination environment of the molecular 
catalyst is crucial from the point of view of the chemical reac-
tivity, due to the importance of the electronic and steric proper-
ties of the ligands, influencing both activity and selectivity. Fur-
thermore, ligand modification synthesis determines the way of 
anchoring the catalyst to the solid support. Thus, polypyridyl, 
cyclam, and tetrapyrrole-based complexes are discussed. The 
paper ends with the conclusions and an outlook drawn from 
the global scenario depicted in the previous section.

2. Background and General Mechanism of CO2 
Photocatalytic Reduction and Its Implications
As already mentioned, the CO2 molecule is practically inert. 
The main exceptions regarding its reactivity are related to its 
acid–base behavior and its ability to interact with transition 
metals, properties that can be explained based on its mole-
cular orbitals HOMO (highest occupied molecular orbital) and 
LUMO (lowest unoccupied molecular orbital). The first one is 
a doubly occupied 1Πg orbital, located mainly on the oxygen 
atoms, that consequently show a Lewis base character. On the 
other hand, the 2Πu LUMO is concentrated around the central 
carbon, providing it with the characteristics of a Lewis acid. 
Globally, therefore, CO2 has an amphoteric character. However, 
CO2 is a better acceptor of charge density, given that the electro-
philic character of carbon predominates over the nucleophilic 
behavior of oxygen.[52]

This amphoteric character also allows CO2 to bind with elec-
tron-rich and electron-poor catalytic sites, and the activation of 
CO2 by coordination with the metal center can take place in dif-
ferent ways. The most common coordination mode is η2-C,O 
“side on” type. This type of interaction can be described as the 

formation of the bond by donation of the electrons centered 
on one of the oxygen atoms (1Πg) with an important contribu-
tion by back donation of d-electrons of the metal to the empty 
orbital 2Πu centered on the C atom.[52] That is, CO2 acts as both 
an electron donor and acceptor.

When CO2 is coordinated to metals with marked nucleo-
philic character, a η1-CO2 binding mode is established. Here, 
the main contribution to the coordination is the transference 
of the d-electrons of the metal to the empty CO2 LUMO. When 
CO2 interacts with a surface or with molecular complexes 
with several metal centers, a η2-O,O coordination pattern can 
be found, where both oxygen atoms interact with the catalyst. 
The η1-OCO “end-on” approaching mode is very rare, and its 
interest is almost exclusively theoretical.

In the first three cases, CO2 undergoes a distortion of the 
linearity and the nucleophilic character of the oxygen atoms is 
modified. When CO2 bends, the energy of the LUMO decreases 
and the capture of electrons for reduction is favored. This is 
probably one of the reasons why the η1-OCO “end-on” coordi-
nation, where CO2 maintains its linearity, is not usual.

The catalyst is the main which is responsible for coordi-
nating CO2 to activate the molecule and make possible its 
transformation, but this is not the only step of the reaction of 
CO2 reduction. To design better catalysts, we need to know the 
essential steps of the reaction mechanism to understand how 
the catalytic system works. Nevertheless, given the complexity 
of this kind of reactions, to fine-tune a catalyst in a determined 
process, it is necessary to know the details of each specific case 
to identify the bottlenecks or rate-determining steps, but these 
detailed mechanistic studies are out of the scope of this review 
(for a more specific review on this topic, see ref. [53]).

In photocatalysis, the first step is the light-harvesting that 
must generate charges. For practical reasons, it is more inter-
esting to maximize light absorption in the visible range to be 
able to use sunlight as the energy source. In many heteroge-
nous catalysts, the absorption range is given by the energy gap 
between the valence and conduction band, which can be tuned 
(by doping or modification of the 3D structure, e.g.) to promote 
absorption in the desired frequency range. In homogenous cata-
lytic systems, in general, is not the catalyst the species that har-
vests light, but a photosensitizer that must be part of the system.

The next step is the charge separation (or electron–hole sepa-
ration). The minimization of the charge recombination is then 
an essential characteristic to design efficient catalytic systems. 
In heterogenous catalysts, this separation can be enhanced by 
polarization caused, e.g., by heterojunctions of polar surface 
terminators that can channel electrons and holes in different 
directions. In homogenous catalysts, electron transfer between 
different components of the system will generate reductive 
and oxidative species separately, what implies that to design an 
effective system it is necessary for an adequate fitting between 
the redox potentials of the different components of the catalytic 
systems and the substrate.

As commented before, the CO2 activation is crucial, so the 
density and efficiency of the activation sites must be opti-
mized. Given that the activation can take place by any of the 
coordination modes described before, the nature of the activa-
tion sites is not unique. In heterogenous catalysts, vacancies 
on surfaces of extended π-conjugated electronic structures 
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can provide efficient adsorption and activation sites. In MOFs 
and homogenous catalysts, unsaturated metal centers act very 
often as strong activators, but their ligands can modify their 
capacity by steric, structural, or electronic effects, preventing or 
cooperating in the activation.

Finally, the transformation reaction must take place. In this 
last step, an efficient catalyst must provide the desired product. 
Given the close similarity between the redox potentials of the 
different reduction reactions of CO2 and the competitivity with 
the reduction reaction of hydrogen, the selectivity is a real issue 
that makes the difference between potentially efficient catalytic 
systems. The selectivity is associated with thermodynamic and 
kinetic factors. The catalytic system used must stabilize inter-
mediates of the expected reaction and desorb products, but also 
must decrease the barriers of the desired path.

To produce the steps described up to here, the homogenous 
catalytic systems for the photoreduction of CO2 are formed typi-
cally by a photosensitizer (PS), a sacrificial electron donor (SD), 
and the catalysts (Cat).

The PS must absorb in the desired wavelength range (pref-
erentially visible) to reach an excited state (PS*) with a long 
enough lifetime to allow for an electron transfer instead of 
deexcitation. This can be usually obtained in systems with 
efficient intersystem crossings that populate triplet states that 
present long half-live times. Depending on the relative reduc-
tion and oxidation potentials of the excited PS, SD, and Cat, the 
quenching of the PS* will take place by reductive or oxidative 
processes in a sequence of events shown in Scheme 1 that give 
place to the charge separation.

CO2 must suffer several consecutive proton-assisted reduc-
tions. The source of electrons is the sacrificial donor that in 
many cases is also the source of protons. When water is pre-
sent in the medium, the provision of protons is easier, but the 
production of H2 can affect severely the selectivity of the CO2 
reduction.

The heterogenization of the homogenous catalysts does not 
modify the stages of the reaction but the support does not, in 
general, act as a mere spectator. All the opposite, it can enhance 
the performance of the homogenous catalyst contributing to 
one or several steps of the reduction reaction. In fact, many 
examples of this synergy are found in the literature as will be 
detailed further down. For example, TiO2 derivatives[54] and 
carbon-based supports like modified graphene,[55,56] carbon 

fibers[57] of covalent organic polymers[58] enhance light-har-
vesting and increase the efficiency of charge separation. The 
last kind of these mentioned supports are also electron donors, 
acting in such a way that there is no need for another sacrificial 
donor, at the same time that they help to adsorb CO2. This is 
as well the case of mesoporous materials like silica[59] or zeo-
lite frameworks[60] and MOFs that will help to increase the CO2 
concentration, characteristic especially important in aqueous 
media given the low solubility of CO2 in water. These porous 
materials can also incorporate other guest molecules like PS or 
Cat.[57,61,62] The proximity of these components of the catalytic 
system facilitates the electron transfer between them, favoring 
the kinetics of the reduction reaction. MOFs can also have 
some specific influence on the catalytic performance given that 
they can incorporate in the framework any of the components 
of the catalytic systems, but on top of this they can also have 
some specific contribution in the catalytic mechanism like the 
reported inhibition of dimerization of Mn-based catalyst com-
plexes that decrease their efficiency.[63]

As a whole, as it will be exemplified in the next section, 
the fixation of the homogenous catalyst in heterogenous sub-
strates does not only improve their stability and allow recycling 
(making these systems more sustainable), but also can enhance 
significantly their efficiency.

To measure the effectiveness of a catalytic system, several 
magnitudes are used.

The photochemical quantum yield, φ, measures the rate 
between irradiation and the amount of product obtained. This 
can refer to absorbed photons, (internal quantum yield, φI) or 
incident photons (apparent quantum performance, φA)
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The turnover number (TON) is the number of cycles a cata-
lyst performs during its lifetime. That is, it is the molar ratio 
between CO2 reduction products and catalyst

TON
Product

Catalyst[ ]
[ ]= 	 (2)

Scheme 1.  a) Reductive quenching and b) oxidative quenching in photocatalyzed CO2 reduction.[15]
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The turnover frequency (TOF) measures the number of cata-
lytic cycles per unit of time, indicating the speed of the reaction

TOF
TON

Reaction time
= 	 (3)

Finally, the selectivity can be quantified as the percentage 
molar ratio between the target product and the total amount of 
products

Selectivity
Target product

Total products
100

[ ]
[ ]= × 	 (4)

In the following, some of these magnitudes will be used to 
compare the efficiency of the catalytic systems analyzed.

3. Polypyridyl Ligands-Based Systems

The first examples of molecular catalytic systems for the selec-
tive photoreduction of CO2 to CO were developed by Lehn’s 
group in the early 1980s.[64] They used Re(I) bipyridine carbonyl 
complex fac-[Re(Bpy)(CO)3(X)] (ReBpy, Bpy = 2,2′-bipyridine;  
X = Cl, Br, Scheme 2), which acted as photosensitizer and cata-
lyst, and triethanolamine (TEOA) as electron donor, in dimeth-
ylformamide (DMF) as solvent.[64,65] The photochemical process 
took place under visible-light irradiation and produced CO with 
a quantum yield of 14% and a Faradaic efficiency of 98% (entry 
1, Table 2). The catalytic mechanism proposed is represented in 
Scheme 2.

These Re complexes have the advantage that they act both 
as catalysts and photosensitizers, but they showed poor photo-
stability due to decomposition processes that formed bimetallic 

species, what truncated the absorption in the visible region.[66] 
To overcome these problems, the reaction was conducted with 
an excess of halide[64] or increasing the CO2 pressure.[67] Due 
to the efficiency of this Re(I) carbonyl-based system that does 
not need a photosensitizer, it has been anchored in different 
supports.

Immobilization of ReBpy on mesoporous silica (ReB-
pyCONH@SiO2, Figure 1) through a covalent attachment 
resulted in a material with higher photostability and activity 
than the molecular complex and the physically silica adsorbed 
complex.[59,68] The complex was attached covalently through 
an amido function generated by modification of the silica sur-
face with 3-aminopropyltrimethoxysilane and reaction with 
4,4′-bis(chlorocarbonyl)-2,2′-bipyridine followed by coordina-
tion of the Re precursor. The diamide material obtained had an 
extended conjugation which caused a redshift in the metal to 
ligand charge transfer band (MLCT) from 369 to 396 nm in the 
visible range, advantageous for absorbing the sunlight. With 
the optimized synthesis of the supported material, the TON 
obtained in the production of CO reached a value of 6.9 mol CO 
converted/mol Re in 4 h (entry 2, Table 2), and it increased two-
fold in the presence of [Ru(Bpy)3]2+ (RuBpy) as photosensitizer 
(entry 3, Table 2).[68] The presence of the electron-withdrawing 
amide groups decreased the photocatalytic activity of the Re(I) 
bipyridine-derived catalysts (entries 2 and 3 vs 4, Table 2), but 
in the presence of RuBpy as a PS, higher activity was observed. 
The authors proposed that the amide groups favored the inter-
molecular electron transfer between the photoexcited PS, 
[Ru(Bpy)3]•+, and the Re(I) catalyst.[68]

A strategy to increase the catalytic activity is to tether the 
molecular catalysts in photoactive supports such as modified 
with chromophores mesoporous silica[69] or TiO2.[73] Thus, 
the Re(I) bipyridyl fragment was anchored in the channels 
of a periodic mesoporous organosilica (PMO) as reported by 
Takeda et  al. The PMO contained biphenyl chromophores in 
the framework (ReBpy@PMO, Figure  1), which act as light-
harvesting antennas with good energy transfer to the Re(I) frag-
ment.[69] Fluorescence experiments at 260 nm showed that the 
isolated PMO material had a strong emission at λmax 380  nm 
attributed to the biphenyl groups, while irradiation of ReBpy@
PMO at the same wavelength produced a new emission band 
at the 450–700  nm region assigned to the Re complex. This 
suggested that the excitation energy absorbed by the biphenyl 
groups is fully transferred to the Re complex. Photocatalytic 
experiments were performed illuminating ReBpy@PMO at the 
biphenyl excitation range (λ = 280 nm) in a CO2 saturated solu-
tion of CH3CN/TEOA (5/1 v/v). The system produced CO at an 
apparent quantum yield ΦA,CO of 1.2% during the initial 5 h to 
reach a TON of 2.2 after 24 h (entry 5, Table  2). The irradia-
tion of the catalytic system at 365 nm, the range of excitation 
of the Re complex, produced a smaller evolution of CO (4.4-
fold less). This confirmed that the biphenyl group increases the 
photoactivity of the Re catalyst. Furthermore, photoexperiments 
in the absence of CO2 compared with the molecular complex 
revealed that the PMO support leads to a more stable material 
decreasing the deactivation time.

In a similar approach, Liu and co-workers used benzene-
bridged functionalized nanotubes containing bipyridine groups 
to anchor a Re(CO)3Cl fragment (ReBpy@PMONT, Figure 1).[70] 

Scheme 2.  A proposed possible mechanism for the re-catalyzed reduc-
tion of CO2 to CO. Adapted with permission.[64,65] Copyright 1983, RSC, 
Copyright 1986, John Wiley and Sons.
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Table 2.  Results of CO2 photoreduction obtained with pyridyl based supported catalyst.

Entrya) Catalyst@support Conditions: PS/SD/solvent/ λ nm/ 
t [h]

Main product (TON)b) Selectivity %, (product) Ref.

1 ReBpy/NEt4Cl -/TEOA/DMF (1:5 v/v)/250 W Xe 
λ >400 nm/4 h

CO (48) 100 (CO) [64,65]

2 ReBpyCONH@SiO2 -/TEOA/DMF (1:3 v/v)/Xe/4 h CO (6.9) n.i. [68]

3 ReBpyCONH@SiO2 RuBpy/TEOA/DMF (1:3 v/v)/Xe 
λ >475 nm/4 h

CO (11) n.i. [68]

4 ReBpy -/TEOA/DMF (1:3 v/v)/ Xe/4 h CO (30) n.i. [68]

5 ReBpy@PMO -/TEOA/CH3CN (1:5 v/v)/300 W Xe 
λ = 280, 365 nm/24 h

CO (2.2) n.i. [69]

6 ReBpy@PMONT -/TEOA/H2O/CH3CN (1:8:7 
v/v)/λ > 420 nm/8 h

CO (19.30)
H2 (1.23)

94 (CO) [70]

7 Re@BPy-PMO -/BIH/TEOA/CH3CN (1:5 v/v)/12 mW 
Xe λ = 400 nm/24 h

CO (5.6) n.i. [71]

8 Re@BPy-PMO RuBpy/BIH/TEOA/DMF (1:5 
v/v)/12 mW Xe λ = 400 nm/24 h

CO (30.1)
H2 (1.7)

95 (CO) [71]

9 Re@BPy-PMONT RuBpy/BIH/TEOA/DMF (1:5 
v/v)/2 mW λ = 450 nm/24 h

CO (30.4) n.i. [72]

10 ReBpyPO(OH)2@TiO2 -/TEOA/DMF (1:3 v/v)/λ > 400 nm/ 
24 h

CO (62) n.i. [73]

11 RePyBn-rGO@TiO2 -/TEOA/DMF (1:9 v/v)/300 W Xe/12 h CO (151.92)c)

(TOF 12.66 h–1)
100 (CO) [74]

12 RePyBn -/TEOA/DMF (1:9 v/v)/300 W Xe/12 h CO (25.92)c)

(TOF 2.16 h–1)
100 (CO) [74]

13 ReBpy-4-COOH@NbNS -/TEOA/DMF (1:5 v/v)/300 W Xe 
λ >400 nm/20 h

CO (58)
(TOF 2.9 h–1)

100 (CO)d) [75]

14 ReBpy@ZrP RhB/TEOA (1:4 v/v /Xe λ > 400 nm/1 h CO (9) n.i. [76]

15 ReBpy-5-COOH@UiO-67 -/TEA/CH3CN (1:20 v/v)/450 W Xe 
λ >300 nm/6 h

CO (5, 10.9 at 20 h)
H2 (0.5, 2.5 at 20 h)

91 (CO, 81, 20 h)
9 (H2)

[77]

16 ReBpy@PyPOP -/TEA/CH3CN (1:9)/150 W Hg 
λ >300 nm/20 h

CO (5)
H2 (8.8)

36 (CO)
64 (H2)

[66]

17 ReBpy@CPOP -/TEA/CH3CN (1:9 v/v)/300 W Xe 
λ >390 nm/4 h

CO (1.9)e)

H2 (0.04)e)

97.8 (CO)
2.2 (H2)

[78]

18 ReBpy@CTF1 -/TEOA/CH3CN (1:4 v/v)/300 W Xe  
λ = 200–1100 nm/10 h

CO (4.8)c)

CH4 (0.19)c)

96 (CO)
4 (CH4)

[79]

19 ReBpy@CTF2 -/TEOA/CH3CN (1:15 v/v)/225 W Xe 
λ = 420 nm/20 h

CO (48) 98 (CO)
2 (H2)

[80]

20 RuBpyBim@GO -/H2O/DMF (1:4 v/v)/20 W White 
LED/24 h

MeOH (4)f) 100 (MeOH) [81]

21 RuBpyCH2PO3H2@C3N4 -/TEOA/CH3CN (1:4 v/v)/450 W Xe 
λ > 400 nm/5 h

HCO2H (>200) 82 (HCO2H)
12 (CO)
5 (H2)

[82]

22 RuCl2(CO)2@MOF-253 -/TEOA/CH3CN (1:10 v/v)/Xe  
λ = 420–800 nm/8 h

CO (7.1)
HCOO– (2.9)

H2 (0.4)

68 (CO)
28 (HCOO–)

4 (H2)

[83]

23 RuRe@PMO-Acd -/BIH/TEOA/DMF (1:5 v/v)/500 W Hg 
λ = 405 nm/24 h

CO (635)
H2 (10)

98 (CO) [84]

24 RuRu′@Bpy-PMO -/BNAH/DMA/H2O (9:1 v/v)/500 W 
Hg λ > 430 nm/1 h

CO (95)
HCOO– (67)

H2 (17)

53 (CO)
37.5 (HCOO–)

9.5 (H2)

[85]

25 RuRu′@Ag-TaON -/CH3OH/500 W Hg λ > 400 nm/9 h CO (2.8)
HCOOH (41)

H2 (28)h)

HCOH (64)g)

99 (HCOOH)h) [86]
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The fit of the bipyridine contents to the framework allowed 
to obtain a material with high diffusion of the reactants and 
absorption of CO2. To decrease the competitive hydrogen gener-
ation, the surface silanol groups were transformed to trimethyl-
silyl groups to decrease the hydrophobicity and the tolerance to 
water. The catalytic system consisting of ReBpy@PMONT with 
TEOA in a solution of H2O/CH3CN (1.14:1 v/v) was active in 
the photoreduction of CO2 to CO (TON 19.30 after 8 h, entry 6, 
Table 2) with high selectivity on CO (94%). The stability of the 
supported Re bipyridine system increased in the PMO material 
allowing to maintain the catalytic activity after five cycles (total 
TON 134 after 40 h) while the molecular system was deactivated 
under the same conditions after two cycles.[70] The reported 
apparent quantum yield reached 0.146%.

Alternatively, the bipyridyl groups were incorporated as the 
organic component of organosilica materials to immobilize the 
rhenium complex by coordination. Thus, rhenium carbonyl 
was supported on a bipyridine-periodic mesoporous organo-
silica (Re@Bpy-PMO, Figure  1)[71] and bipyridine-modified 
organosilica nanotubes (Re@Bpy-PMONT, Figure 1).[72]

The activity of the Re@Bpy-PMO in the photoreduction of 
CO2 was modest but it increased 5.4-fold times in the presence 
of 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (BIH) 
as electron donor and when the RuBpy photosensitizer was also 
introduced in the Bpy-PMO support (entries 7 and 8, Table 2).[71] 
The apparent quantum yield, in this case, increased from 0.4% 
(entry 7, Table 2) to 2.2% (entry 8, Table 2). Unfortunately, the 

activity of this catalytic system largely decreased when it was 
reused in a second run. Higher efficiency in the light absorp-
tion was obtained with the similar system prepared using 
tubular organosilica nanotubes with large pore sizes (Re@Bpy-
PMONT, Figure  1), achieving a quantum yield up to 15.1% in 
the presence of RuBpy as PS (entry 9, Table 2).[72] An enhance-
ment of the catalytic activity was observed supporting the Re 
bipyridyl fragment on TiO2. The bipyridyl ligand was modified 
by the introduction of phosphonic groups (ReBpyPO(OH)2, 
Scheme 3) to increase the interaction with the surface of the 
TiO2 nanoparticles.[73] The complex was immobilized in the 
solid by impregnation in an aqueous solution. Characteri-
zation by Fourier transform infrared (FTIR) and X-ray pho-
toelectron spectroscopy (XPS) confirmed the formation of 
the ReBpyPO(OH)2@TiO2 material. The supported material 
increased the photocatalytic activity of the molecular system 
ReBpyPO(OH)2 up to 26-fold times, achieving a TON of up 
to 62 at 24 h irradiation (TOF 8 h–1 at 3 h, entry 10, Table  2). 
The detection of intermediate lifetimes and the measurement 
of the energy of the photogenerated excited states by time cor-
related-single photon counting and transient absorption spec-
troscopy techniques allowed to propose a catalytic cycle for the 
ReBpyPO(OH)2@TiO2 which is similar to the one proposed 
for the homogenous system (Scheme 3). A reduced species is 
formed [ReBpyPO(OH)2]–, which lifetime is longer in the sup-
ported complex than in the homogenous solution. The authors 
attributed the higher stability of the reduced intermediate to the 

Entrya) Catalyst@support Conditions: PS/SD/solvent/ λ nm/ 
t [h]

Main product (TON)b) Selectivity %, (product) Ref.

26 RuRu′@Ag-TbTaON -/TEOA/CH3CN (1:4 v/v)/400 W Hg 
λ > 400 nm/15 h

HCOOH (18) n.i. [87]

27 RuRu′@Ag-C3N4 -/TEOA/DMA (1:4 v/v)/400 W Hg 
λ > 400 nm/5 h

HCO2H (3110)
HCO2H (>33 000, 48 h)

99 (HCO2H) [50]

28 PdBpy@SiO2Rf -/TEA/DMF (1:5 v/v)/500 W Hg 
λ > 360–440 nm/18 h, 4 Mpa, 373 K

CO (1184.4)h)

H2 (9)i)
>99 (CO)j) [88]

29 NiTpySH@CdS -/TEOA/H2O pH = 6.7/Solar simulator 
λ > 400 nm/18 h

CO (20) >90 (CO) [89]

30 NiTpy@CsPbBr3 -/Etyl acetate/H2O (49/1 v/v)/ 300 W 
Xe λ > 400 nm/1 h

CO (1252 µmol g−1)
CH4

≈90 (CO)
≈10 (CO)

[90]

31 CoTpyP@TiO2 -/Cellobiose/CH3CN/NaOAcaq (3:1 
v/v)/solar simulator/24 h

HCOO– (103)
CO (92)
H2 (72)

38 (HCOO–) [91]

32 CoQpy@C3N4 -/BIH/CH3CN/100 W Xe 
λ > 400 nm/24 h

CO (128)
H2 (6.6)c)

98 (CO) [92]

33 Mn@Bpy-PMO RuBpy/BIH/TEOA/CH3CN (1/5 
v/v)/300 W Xe λ > 400 nm/5 h

HCOO– (292)
CO (168)
H2 (72)

55 (HCOO–) [93]

34 Mn@UiO-67 RuBpyMe/TEOA/DMF (1:4 v/v)/LED 
λ = 470 nm/18 h

HCOO– (110)
CO (4.5)

H2 (1)

96 (HCOO–) [63]

a)PS = Photosensitizer, SD = sacrificial electron donor, n.i. = not indicated, TEA = triethylamine, TEOA = triethanolamine, DMF = dimethylformamide, BIH = 1,3-dimethyl-
2-phenyl-2,3-dihydro-1H-benzoimidazole, BNAH = 1-benzyl-1,4-dihydronicotinamide, DMA = N,N-dimethylacetamide, RhB  = Rhodamine B; b)TON = Turnover number 
(molproduct/molcatalyst), TOF = turnover frequency (molCO/molcatalysth); c)Estimated from TOF reported values; d)Only gaseous products analyzed; e)Estimated from Re con-
tent 0.88 mmol g–1[78]; f)Estimated from Ru content 0.51 mmol g–1; g)Estimated from other TON data; h)Estimated from TOF 65.8 h–1; i)Estimated from TOF 0.5; j)Including 
H2.

Table 2.  Continued.
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Figure 1.  Immobilization of ReBpy in mesoporous silica (ReBpyCONH@SiO2) (adapted with permission.[59] Copyright 2012, Elsevier) and periodic 
mesoporous organosilica (ReBpy@PMO) (adapted with permission.[69] Copyright 2010, American Chemical Society), ReBpy@PMONT (adapted with 
permission.[70] Copyright 2019, Elsevier), Re@Bpy-PMO (adapted with permission.[71] Copyright 2016, John Wiley and Sons) and Re@Bpy-PMONT.[72]

Scheme 3.  Proposed catalytic mechanism for ReBpyPO(OH)2@TiO2 photocatalyzed reduction of CO2 to CO under visible light. Lifetimes (t50%) of 
some species are included. The dotted lines represent the deactivation paths. The second reduction (dotted red lines) was not observed. Adapted with 
permission.[73] Copyright 2015, John Wiley and Sons.
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scaffolding provided by the support, what resulted in a higher 
activity of the immobilized system. Furthermore, the supported 
material decreased the formation of inactive dimeric Re spe-
cies. The studies also concluded that the second reduction nec-
essary for CO2 to CO occurred through the sacrificial electron 
donor TEOA.

To improve the electron transfer processes of the photocata-
lytic reduction of CO2, graphene oxide (GO) was also used as 
support. Graphene and derivatives can act as efficient electron 
storage materials[94] to improve the catalytic performance of 
photocatalysts. The synthetic strategy included a modification 
of reduced GO (rGO) with a triazole derivative to covalently 
graft the Re(I) carbonyl derivative, and further combined it 
with TiO2 to form the RePyBn-rGO@TiO2 composite (PyBn = 
1-(2-picolyl)-4-phenyl-1H-1,2,3-triazole, Scheme 4).[74] The pres-
ence of the complex in the support was confirmed by IR and 
XPS and transmission electron microscopy confirmed the pres-
ence of the graphene sheets containing the spherical nanoparti-
cles of TiO2. A significant enhancement of the catalytic activity 
was achieved in the visible light photocatalytic reduction of CO2 
by RePyBn-rGO@TiO2 composite in DMF with TEOA pro-
ducing only CO as a reduction product with TOF up to 12.66 h–1  
after 12 h irradiation (entry 11, Table 2). The support of the Re 
complex in the composite increased the catalytic activity sixfold 
with respect to the molecular homogenous system under the 
same conditions (entry 12, Table 2). Furthermore, the stability 
also improved since the catalyst was separated from the solvent 
and kept its activity in five cycles of 12 h each. The mechanism 
of the reaction was analyzed by time-resolved infrared spectros-
copy. Two species, attributed to the reduced catalytic material, 
[ReIIPyBn•−-rGO-DMF]+@TiO2, and a CO2 adduct, [ReIIPyBn•−-
rGO-CO2-TEOA]+@TiO2 with lifetimes of hundreds of micro-
seconds were detected together with the formation of CO 
absorbed in the material. Control experiment with only the 
rGO without the TiO2 revealed that this material is involved in 
the electron storage and transfer. Based on these observations, 
a mechanism was proposed (Scheme 5) in which the process 
initiates with the excitation of one electron in the photoactive 
TiO2/rGO material. This electron is transferred to reduce the 
complex to the rhenium(I) species and, by a metal to ligand 
charge transfer process it is finally transferred to the PyBn 

ligand by quenching with TEOA. The chloride ligand is then 
replaced by the solvent DMF and there are electron transfer 
processes between the ligand and the rGO. It is proposed that 
TEOA is involved both in the CO2 activation step and as a H+ 
donor to produce CO.

Other inorganic solids such as niobates[75] and phosphates[76] 
were used as supports giving high selective photoreduction 
of CO2-to-CO but modest TONs. Thus, a Re(I) bipyridine 
complex modified with carboxylate groups, ReBpy-4-COOH 
(Figure 2), was supported onto the surface of hexaniobate nano-
scrolls (NbNS) to improve the stability of the rhenium catalyst 
ReBpy-4-COOH@NbNS.[75] The adsorption of the complexes 
in the NbNS produced a red-shift of the MLCT bands absorp-
tion spectra. The photoreduction of CO2 in absence of PS in 
DMF using TEOA produced CO with a 20% higher TON (TON 
58) than with TiO2 and sixfold larger than the value obtained 
with the molecular system ReBpy-4-COOH under the same 
conditions after 20 h of irradiation (entry 13, Table 2). Respect 
to the phosphate support, the Re-bipyridine fragment was 
intercalated in the layered structure of zirconium phosphate 
Zr(HPO4)2·H2O by ion exchange or phase boundary mecha-
nism (ReBpy@ZrP).[76] The photocatalytic activity of this mate-
rial was enhanced 3.7-fold times by the addition of an organic 
dye such as Rhodamine B (RhB) achieving a TON up to 9 after 
1 h (entry 14, Table  2). The ReBpy@ZrP was active for three 
cycles although RhB had to be replaced each run.

The ReBpy fragment has been also introduced in MOF 
structures[77] to combine its capacity of harvesting light and act 
as photocatalysts.[95] The zirconium-based Zr6O4(OH)4(Bpy-
5-COOH)6 (UiO-67, Bpy-5-COOH  = 2,2′-bipyridine-5,5′-
dicarboxylic acid) MOF was doped with the ReBpy-5-COOH 
complex (Figure  2) to form ReBpy-5-COOH@UiO-67. The 
[Zr6(µ3-O)4(µ3-OH)4(Bpy-5-COOH)6] material was prepared by 
treating ZrCl4 with a combination of Bpy-5-COOH and ReBpy-
5-COOH in DMF at 100 °C. Photocatalytic activity of ReBpy-5-
COOH@UiO-67 in the CO2 reduction in acetonitrile, using tri-
ethylamine (TEA) as a sacrificial reducing agent produced CO 
with a TON of 5 mols per catalytic site with a 91% selectivity 
respect to H2 in 6 h (entry 15, Table  2). The catalytic system 
was separated by centrifugation and used again and was active 
in two catalytic cycles but became inactive in the third run due 

Scheme 4.  Preparation of the RePyBn-rGO@TiO2 composite. Adapted with permission.[74] Copyright 2016, John Wiley and Sons.
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to rhenium leaching from the MOF structure (43.6%). Never-
theless, the activity obtained with the homogenous ReBpy sys-
tems was lower, what indicates that the stability of the system 
increased due to the MOF structure.[77]

Another family of supports largely used are porous organic 
polymers (POPs) which have high surface areas and contain 
functionalities such as polypyridinic,[66] polymeric carbazol-
based structures,[78] and covalent triazine frameworks,[79,80] able 
to coordinate metal fragments, what also lead to an increase in 
the CO2 absorption ability of the support. The Re(I) bipyridyl 
containing catalytic materials based on this kind of supports 
produced, in most cases, selectively CO without the presence 

of a photosensitizer but the TON did not exceed the values 
reported for the molecular ReBpy system. In the case of the 
ReBpy fragment incorporated in the pyridyl POP (ReBpy@
PyPOP, Figure 3), this material photocatalyzed the CO2 to 
CO reduction with the formation of H2 (H2/CO = 1.4–2.2) in 
a CH3CN/TEA reaction medium under light irradiation at 
λ 300–550  nm. The rate of CO generation (d[CO]/dt  = 4.6 ± 
0.5 µmol min–1 mmol Re–1 over t = 110–1200 min), although was 
lower than the one produced by the molecular species ReBpy, 
was more stable over time than with the molecular catalyst and 
reached a TONCO = 5 after 20 h and a TONH2 = 8.8 (entry 16, 
Table  2). The higher stability of the ReBpy@PyPOP material 
was attributed to the fact that the porous structure prevented 
the interaction between rhenium centers avoiding the forma-
tion of inactive dimeric species.[66] In another case, reported 
by Liang et  al., the rhenium fragment was incorporated in a 
polycarbazol POP (ReBpy@CPOP, Figure  3). This material 
showed uptakes of CO2 in the range of 7.6–9.4 wt% at 273 K/1 
atm.[78] The integration of the carbazole moieties in the frame-
work induced a significant bathochromic shift of the absorption 
bands which increases the visible-light absorption ability. The 
generation of CO under visible light excitation in the presence 
of TEOA reached a rate of CO evolution up to 623 μmol g–1 h–1 

Figure 2.  ReBpy-4-COOH and ReBpy-5-COOH incorporated in niobate 
nanoscrolls[75] and MOF UiO-67,[77] respectively.

Scheme 5.  Mechanism proposed for the CO2-to-CO photoreduction catalyzed by RePyBn-rGO@TiO2 composite. Reproduced with permission.[74] 
Copyright 2016, John Wiley and Sons.
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with a higher selectivity in the CO (97.8%) (entry 17, Table  2). 
The catalytic material was reused in four consecutive 10 h 
cycles, keeping ≈83% of the initial activity. Finally, the Re bipy-
ridine fragment was incorporated in two different covalent 
triazine frameworks (CTFs).[79] In the first case, ReBpy@CTF1 
(Figure 3)[79] produced CO photocatalytically with a TON of 4.8; 
the CO evolution rate within 10 h (entry 18, Table 2) under full 
light irradiation (λ  = 200–1100  nm) in a solid-gas system was 
353.05  µmol g−1 h−1, which performed better than the liquid–
gas system. In the second case, a similar approach was reported 
by Yang et  al. who constructed a photoactive covalent organic 
framework using as building block 4,4′,4″-(1,3,5-triazine-2,4,6-
triyl) trianiline and 2,2-bipyridyl-5,5- dialdehyde in which Re 
was attached through coordination to the bipyridyl fragments 
(ReBpy@CTF2, Figure 3).[80] The incorporation of the Re frag-
ment in the triazine framework produced a broadening and 
increased lifetime of the intramolecular charge transfer band 
(ICT) suggesting that the charge recombination is inhibited by 

the presence of the Re complex. The catalytic system consisting 
of ReBpy@CTF2 in the presence of TEOA produced selectively 
CO (98%) with a higher TON (48, t > 20 h) than in the case of 
ReBpy@CTF1 (entry 18 vs 19, Table 2) and remarkably 22 times 
better than the molecular system under the same conditions 
according to the authors. The catalytic activity was maintained 
for at least three cycles. An induction period was necessary for 
the activation of the material that was attributed to the forma-
tion of the exited ICT state. Mechanistic studies suggest that 
the photoexcitation of ReBpy@CTF2 produces a reduction of 
the Re center.

It can be seen that in general, Lehn’s Re bipyridyl-based 
photocatalysts have been immobilized on solids mostly through 
modification of the bipyridine skeleton to favor the interac-
tion with the support or the reaction of functional groups of 
the support surface has been induced to covalently bond the 
metallic center. The immobilization of the Re(I) molecular spe-
cies yielded materials with higher stability than the molecular 

Figure 3.  ReBpy fragment incorporated in POP (adapted with permission.[66,78] Copyright 2015, John Wiley and Sons and 2019, American Chemical 
Society) and covalent triazine frameworks (CTF) (adapted with permission.[79] Copyright 2018, Royal Society of Chemistry). Proposed structure for 
ReBpy@CTF2 (adapted with permission.[80] Copyright 2018, American Chemical Society).
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catalyst. This allowed to obtain systems more active than the 
molecular complexes (TON ∼ 102) while keeping the high selec-
tivity in the CO2 photoreduction to CO.

As we have discussed, RuBpy has been introduced in Re(I) 
systems as PS to increase the light-harvesting ability of the 
catalyst, but Ru bipyridine complexes were also reported to 
behave as catalysts for the CO2 photoreduction.[96] In the case 
of ruthenium-based catalytic systems, the products of photo
reduction are mainly MeOH and formic acid derivatives. A 
Ru(II) 2,2′-bipyridine complex containing a 2-thiophenyl ben-
zimidazole ligand (RuBPyBim@GO, Figure 4) immobilized 
on graphene oxide through amide functionalization, produced 
MeOH in 2050 µmol g–1 of catalyst in 24 h irradiation without 
SD (estimated TON 4, apparent quantum yield 0.180%, entry 
20, Table 2).[81] It was recycled with almost no loss of activity for 
three consecutive runs after separation by centrifugation.

The influence of the support was evidenced in another 
hybrid catalytic system obtained, from a phosphate-modified 
bipyridine Ru(II) complex adsorbed on the graphitic carbon 
nitride semiconductor with mesoporous structure mpg-C3N4 
(RuBpyCH2PO3H2@C3N4, Figure 5).

[82] The graphitic carbide 
was responsible for light-harvesting and the Ru complex was 
the catalytic center for CO2 photoreduction. In this case, formic 
acid was produced with an 82% selectivity and TON >200 in 5 h 

(entry 21, Table 2). CO and H2 were also formed. Label experi-
ments with 13CO2 confirmed that CO2 reduction was the origin 
of the HCO2H formed and most of the CO formed.

As example of MOF as supports for Ru catalysts, RuCl2(CO)2 
species was introduced in the open N,N′-chelating sites of an 
aluminum-based MOF Al(OH)(dcbpy) (dcbpy = 2,2′-bipyridine-
5,5′-dicarboxylic acid) MOF-253 (RuCl2(CO)2@MOF-253).[83] 
The material was prepared by refluxing the de-solvated MOF-
253 in anhydrous methanol containing [RuCl2(CO)3]2. X-ray dif-
fraction (XRD), FTIR, and Fourier-transformed-extended X-ray 
absorption fine structure analysis confirmed the introduction 
of the species in the nonaltered MOF-253 structure, which 
preserved a high specific surface area (1085 m2 g–1). This mate-
rial produced a mixture of CO, HCOO–, and H2 with TONs 
of 7.1, 2.9, and 0.4, respectively in 8 h (entry 22, Table 2). The 
incorporation of the [Ru(Bpy)2Cl2] photosensitizer in the MOF-
253-RuCl2(CO)2 structure enhanced the formation of formate 
12-fold while the CO production remained stable.

The importance of supporting also the PS was shown in a 
hybrid catalytic material for the photoreduction of CO2 con-
sisting of a solid PMO with acridone groups as light harvester 
and a heterodinuclear Ru-Re molecular catalyst was reported by 
Ueda et al. (Figure 6).[84] The combination of the PMO/acridone 
(PMO-Acd) with the binuclear complex increased the efficiency 
of the photoreduction of CO2 to TON 635 and the selectivity in 
CO (>98%) (entry 23 vs entry 5, Table  2). The authors attrib-
uted this increase with respect to related PMO-supported mate-
rials to the ability of this system to absorb in the visible light 
region.[84]

In a different approach, the surface functionalization of 
bipyridine-modified PMO supports was used to immobilize two 
different ruthenium fragments, a [Ru(Bpy)]2+ with PS function-
ality and a RuCl2(CO)2 one, which acts as a catalyst (RuRu’@
Bpy-PMO, Figure  6).[85] The photochemical reduction of CO2 
(λ  >  430  nm) with the RuRu′@Bpy-PMO was studied using 
1-benzyl-1,4-dihydronicotinamide (BNAH) as the electron donor 
in a CO2 saturated DMF/H2O solution to produce a mixture of 
CO/HCOO– and H2 reaching a total TON of 179 in 1 h (entry 24, 
Table 2). The TOF in the CO2 reduction products CO/HCOO– 
was up to 162 h–1. The catalytic activity was higher when the 
relative amount of Ru catalyst was higher and the selectivity 

Figure 5.  Structures of RuBpyCH2PO3H2 and graphitic mesoporous C3N4. Adapted with permission.[82] Copyright 2013, Royal Society of Chemistry.

Figure 4.  Ru(II) 2,2′-bipyridine complex 2-thiophenyl benzimidazole 
ligand (Bim) immobilized in modified GO (RuBPyBim@GO). Adapted 
with permission.[81] Copyright 2015, Royal Society of Chemistry.
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in CO was higher (53%) when the ratio Ru PS/Ru catalyst was 
higher. The system was recycled up to three cycles without loss 
of activity.[85]

The combination of a semiconductor and a molecular cata-
lyst in which photosensitizer and catalyst are included in a 
bimetallic complex has shown high efficiency for CO2 photore-
duction. Sekizawa et  al. reported a Ru(II) dinuclear complex 
that was adsorbed onto a semiconductor material consisting 
of a silver-loaded tantalum oxynitride (RuRu′@Ag-TaON, 
Figure 7).[86] A methanol CO2 saturated dispersion of RuRu′@
Ag-TaON produced a mixture of HCOOH, HCOH, H2, and CO 
(TONHCOOH  = 41 after 9 h, entry 25, Table  2). Isotope-labeled 
experiments showed that CO was mainly (77%) obtained from 
the ruthenium carbonyl complex and formaldehyde came 
from methanol. A more modest activity toward the formation 
of formate was obtained with related ruthenium systems sup-
ported on defect fluorite-type Ln–Ta oxynitrides LnTaOxNy 
(RuRu′@Ag-LnTaON). The best TON reported was 18 obtained 
with the terbium material (RuRu′@Ag-TbTaON, entry 26, 
Table 2), although the selectivity was higher (99%) since acetoni-

trile was used as solvent instead of methanol.[87] The same 
RuRu′ system supported on a graphitic carbon nitride with 
Ag nanoparticles (RuRu′@Ag-C3N4, Figure  7)[86] resulted in a 
higher active and selective photocatalytic material for the pho-
toreduction of CO2 to HCOOH.[50] With this catalytic system, 
Kuriki et  al. reported a TON >  33 000 after 48 h (entry 27, 
Table 2) with selectivities in the range 86–99% even in aqueous 
solutions. The apparent quantum yield was lower (5.2%) than 
the reported for molecular mononuclear Ru complexes.[97]

The effect of increasing the CO2 pressure in the photore-
duction of CO2 was studied in Pd-Bpy systems supported in 
CO2-expanded liquids.[88] The bipyridine ligand was modified 
with perfluorinated chains to increase its affinity to fluorinated-
modified silica used as support (PdBpy@SiO2Rf, Figure 8). 
PdBpy@SiO2Rf without PS was active in the photoreduction 
of CO2 to CO achieving a TOF 65.8 h–1 at 4 Mpa and 373 K 
in the presence of TEA in the CO2-expanded DMF medium 
(entry 28, Table 2). This value was six times larger than the one 
obtained with the unsupported system. The increase of activity 
was attributed to the higher stability of the system in the sup-
ported material.

To develop catalysts using abundant first-row transition 
metal-based systems, nickel[89,90] and cobalt complexes[91,92] 
were supported in different materials and used as catalysts 
for the photoreduction of CO2. Thus, Reisner and co-workers 
developed a nickel terpyridine complex adsorbed onto the 
semiconductor CdS quantum dots that photocatalyzed the 
reduction of CO2 to CO in aqueous media (NiTpyR@CdS; R 
= H, CO2H, PO3H2, SH).[89] Thus, CO was obtained in high 
selectivity (>90%) under visible light irradiation (λ > 400 nm) 
in an aqueous system at pH 6.7 using the thiol derivative 
(NiTpySH@CdS) (entry 29, Table  2). The limit of stability of 
the system was estimated in 20 h reaching a TON of 20. The 
importance of the combination of molecular catalysts with 
semiconductors was proved with a similar Ni terpyridine-
based system supported on halide perovskite nanocrystals 
(CsPbBr3).[90] The hybrid material NiTpy@CsPbBr3 produced 
≈26-fold higher yield (1252  µmol of CO/CH4 g h, entry 30, 
Table 2) on the photoreduction of CO2 to CO/CH4 than when 
using the perovskite nanocrystals alone. The authors claimed 
that the Ni complex acted as specific catalytic site and electron 
sink to suppress the electron–hole recombination in the semi-
conductor perovskite material.

The sacrificial donor is often an expensive amine (TEOA) 
which forms a non-added value product. Lam and Reisner 

Figure 6.  Structures of the components of RuRe@PMO-Acd (Acd = acri-
dine) (adapted with permission.[84] Copyright 2014, John Wiley and Sons) 
and RuRu’@Bpy-PMO (adapted with permission.[85] Copyright 2017, John 
Wiley and Sons).

Figure 7.  Structures of the components of RuRu′@Ag-TaON[86] and RuRu’@Ag-C3N4.[50]
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proposed to use as a sacrificial donor a sustainable product 
whose oxidation produces a valuable product.[91] Thus, soluble 
biomass-derived oxygenates such as C6 and C5 sugars (glucose, 
galactose, and arabinose), disaccharides (maltose), and glycerol 
were used as SDs as models of this kind of compounds that 
yielded formate as an oxidation product. The molecular cata-
lyst selected was a phosphonate-derived terpyridine cobalt(II) 
complex that was supported on a photoactive TiO2 P25 anatase-
rutile, CoTpyP@TiO2 (Scheme 6). The catalyst was prepared in 
situ by self-assembling the two separated components. Using 
the biomass-derived soluble oxygenated substrates, the photore-
duction of CO2 with CoTpyP@TiO2 produced mixtures of CO 
(up to 0.92 mmol g−1 TiO2) and H2 (up to 0.72 mmol g−1 TiO2) 
in 24 h in a mixture CH3CN:H2O (entry 31, Table 2). Formate 
was also detected in the reaction. The 13C label experiments 
concluded that formate was generated mostly by the oxidation 
of the oxygenated substrates. Polymeric biomass substrates 
such as cellulose could also be used as SD with an enzymatic 
pretreatment to fragment it into more soluble products. After 
a 24 h catalytic run, the photocatalyst was separated and redis-
persed in a pretreated cellulose dispersion saturated with CO2. 
The recycled material kept 55% of the initial photoactivity.

A Co-quaterpyridine complex was covalently grafted on 
mesoporous graphitic carbon nitride C3N4 through amido 
linkages (CoQpy@C3N4, Scheme 7).[92] The hybrid mate-
rial CoQpy@C3N4 in the presence of BIH as SD and PhOH 
as proton donor under visible light irradiation (λ  >  400  nm) 
produced selectively CO from CO2 (selectivity 98%, entry 32, 
Table  2) at a modest TON of 128 after 24 h with remarkable 

stability in successive cycles in which fresh CO2, BIH, and 
PhOH were added achieving a total TON of ≈500 cycles.

Other abundant first-row metal complexes, such as manga-
nese, were supported on PMO or MOF structures and used 
in the photocatalytic reduction of CO2. The already discussed 
strategy of using bipyridine-modified PMO materials to bond 
coordination compounds was used to immobilize [Mn(CO)5Br] 
(Mn@Bpy-PMO, Figure 9).[93] This material in the presence 
of RuBpy and BIH/TEOA produced formate and CO as CO2 
reduction products with TON of 292 and 168, respectively 
(entry 33, Table 2). Recycling of the catalytic material provided 
a total TON of 484 and 239 for formate and CO, respectively, 
after three cycles although deactivation was observed after each 
cycle.

A Mn(I) carbonyl fragment was incorporated in a Zr(IV) 
MOF, UiO-67, using the bipyridine-5,5′-dicarboxylate linkers 
as coordination sites for Mn(I) (Mn@UiO-67, Figure 9).[63] This 
material in combination with [Ru(BpyMe)3][PF6]2 (RuBpyMe, 
BpyMe = 4,4′-dimethyl-2,2′-bipyridine) as PS, BNAH as SD in 
a mixture of DMF/TEOA photocatalyzed the selective forma-
tion of formate (≈96%) with a TON of 110 after 18 h (entry 34, 
Table 2), higher than the one obtained with the separate compo-
nents. The apparent quantum yield reached 6.74%. The authors 
proposed that the MOF structure inhibits the deactivation of 
the catalyst by dimerization and increases the stability of the 
reduced Mn species. The recycling experiments showed a decay 
of the activity of 66% after three 4 h cycles.

4. Cyclam Ligands-Based Systems

Complexes containing macrocyclic cyclam ligands (cyclam  = 
1,4,8,11-tetraazacyclotetradecane) have been often used in the 
photochemical CO2 reduction.[98–100] The stability of the com-
plexes under photochemical conditions and the catalyst recovery 
and recycling are the main challenges for these catalysts. Given 
the advantages provided by heterogenization, several studies 
have been focused on the use of heterogenized cyclam-based 
catalysis, in particular concerning Co and Ni complexes. When 
using silica and titania as supports, the formation of covalent 
bonds between the terminal hydroxyl groups on the surfaces is 
the most general strategy to graft the complexes.

[Co(cyclam)Cl2]Cl has been used as the starting product for 
the preparation of the supported catalysts on TiO2 and SiO2.[101] 

Scheme 6.  Metal terpyridine-based systems supported on CdS (NiTpy@CdS, adapted with permission,[89] Copyright 2017, American Chemical Society) 
and TiO2 (CoTpy@TiO2, adapted with permission,[91] Copyright 2021, John Wiley and Sons).

Figure 8.  PdBpyRf catalyst supported onto fluorinated silica. Adapted 
with permission.[88] Copyright 2013, Elsevier.
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It has been reported that [Co(cyclam)Cl2]Cl is a highly active 
CO2-reduction catalyst when coupled with molecular photosen-
sitizers.[99,100] Matsuoka et al. reported a TON of 54 for CO pro-
duction from CO2 reduction for 1 h when using [Co(cyclam)Cl2]
Cl as the catalyst and p-terphenyl as a photosensitizer (entry 1, 
Table 3).[99] Later, other experiments performed for comparative 
purposes with heterogenized Co catalysts reported TON in CO 
of 141.8 (entry 2, Table 3).[102] Nevertheless, [CoIII(cyclam)Cl2]Cl 
is not easy to recycle and its stability under photochemical con-
ditions is low, so great interest has been shown in the last years 
for preparing and studying heterogenized Co precursors in dif-
ferent supports.

The role of TiO2 nanomaterials in solar energy conversion is 
well known. Using Co(III) complexes containing cyclam deriv-
atives as ligands, hybrid photocatalysts have been reported by 
depositing the Co complex on TiO2 nanoparticles.[102] Elec-
trons photogenerated in TiO2 can be transferred to these 
hybrid Co catalysts for CO2 reduction. Co catalyst grafted on 
TiO2 nanoparticles was prepared by simple deposition using 
a commercial TiO2 P25 which consists of 80% anatase and 
20% rutile. In this way, CoIII(cyclam)X@P25 (X = Cl or OH) 
was prepared as a brownish powder refluxing [Co(cyclam)
Cl2]Cl[102] and P25 TiO2 nanoparticles in acetonitrile con-
taining a small amount of TEA. The heterogenized cata-
lyst could also be obtained by microwave synthesis at 80 °C.  
In this case, the time for depositing the cobalt complex on 
TiO2 surface was shortened from 24 to 2 h. Related complexes 
CoIII(cyclam)X@SiO2 are obtained in the presence of silica and 

the corresponding molecular complexes. The synthesized cat-
alysts were characterized using NMR, FTIR, XPS, and electro-
chemistry. The FTIR and diffuse reflectance infrared Fourier 
transform spectroscopy spectra indicate that CoIII(cyclam)X  
is in the trans configuration, and that CoO bonds are present 
in the material suggesting that the deposition of the complex 
proceeded through the surface hydroxyl groups.

The hybrid CoIII(cyclam)X@P25 material used in photo-
catalytic CO2 reduction with TEOA as SD provides CO and H2 
as major products with no significant amount of formic acid 
observed. Since it is known that Co(cyclam) complexes[99,100] as 
well as P25, produce H2 under photochemical conditions, the 
authors proposed that both contribute to the generation of H2 
in photocatalysis with the hybrid material.

A  TON of 12.2 was obtained after 4 h using the hybrid 
CoIII(cyclam)X@P25 obtained by single deposition on TiO2 
nanoparticles[102] (entry 3, Table 3), while no CO was detected 
for the mixture of [Co(cyclam)Cl2]Cl and P25 nanoparti-
cles under UV irradiation and small conversion of CO (TON 
≈1.3 after 4 h) was produced by a mixture of CoIII(cyclam)X 
and P25. When using the photocatalyst prepared by micro-
wave synthesis, a TON of 19.7 was obtained after 4 h (entry 
4, Table  3). This enhancement in photocatalytic activity was 
related to the loading of CoIII(cyclam)X on the TiO2 surface.  
It is observed that hybrid photocatalysts with lower 
CoIII(cyclam)X loadings provide higher TONs in CO2 reduc-
tion. Since more CoIII(cyclam)X was deposited on P25 and 
anatase by the reflux method than the microwave method, 
better performances are obtained with the later procedure. 
However, at high temperatures (100 and 120 °C) the microwave 
synthesis provides higher loadings of CoIII(cyclam)X dimin-
ishing the photoconversion. Due to the TiO2 lack of photore-
sponse in the visible light region, often photosensitizers are 
used in combination with TiO2 like for instance RuBpy com-
plexes for CO2 reduction under visible light. In this case, using 
a Co(III) (cyclam)X/P25 and RuBpy under visible-light (λ > 420 
nm  irradiation), a TON of 35 for CO production is obtained 
although the selectivity decreased to CO formation (CO/H2 
ratio = 0.2, entry 5, Table 3).

Following a similar strategy, two different approaches were 
used for the heterogenization of the Co(III) cyclam catalyst 
onto mesoporous silica.[103] In the first, [Co(cyclam)Cl2]Cl was 
covalently attached on SBA-15 by derivatizing one of the amines 
on the cyclam ring ([Co(cyclam)Cl2]@SiO2, Scheme 8a). The 
UV-visible spectrum of [Co(cyclam)Cl2]@SiO2 shows a peak 
around 630 nm characteristic of the trans isomer of [Co(cyclam)
Cl2]Cl.[101]

In the second approach, the reaction between mesoporous 
silica and [Co(cyclam)Cl2]Cl (Scheme 8b) leads to the formation 
of a brownish powder (CoIII(cyclam)Cl@SiO2) by direct reac-
tion of [Co(cyclam)Cl2]Cl with surface silanol groups (SiOH) 
in the presence of TEA.[103] Characterization indicated above 
shows that in CoIII(cyclam)Cl@SiO2, most of the chloride 
ligand on Co(III) was replaced with O-containing ligands (e.g., 
–OH and H2O). The new catalysts were characterized by UV-
visible spectra, XPS, and elemental analysis.

The heterogenized Co complexes were tested as photo
catalysis in the CO2 reduction using p-terphenyl as PS and a 
mixture of TEOA and methanol as SD. Under these conditions,  

Scheme 7.  CoQpy@C3N4 photocatalytic systems for CO2 reduction. 
Adapted with permission.[92] Copyright 2020, American Chemical Society.

Figure 9.  Mn(I)-Bpyridyl complex incorporated in a UiO-67 MOF 
(Mn@UiO-67) (adapted with permission.[63] Copyright 2015, American 
Chemical Society) and Mn@Bpy-PMO (adapted under the terms of the 
CC BY-NC 3.0 license.[93] Copyright 2017, The authors, published by Royal 
Society of Chemistry).
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Scheme 8.  Synthesis of a) CoIII(cyclam)Cl2@SiO2 and b) CoIII(cyclam)Cl@SiO2. Figure based on work by Jin et al.[103]

Table 3.  Results of CO2 photoreduction obtained with cyclam-based supported catalysts.

Entrya) Catalyst@Support Conditionsa) 
PS, SD, solvent, lamp, λ nm, t [h]

Main product (TON)b) Selectivity (%, product) Ref.

1 [CoIII(cyclam)Cl2]Cl p-terphenyl/TEOA/CH3OH/CH3CN (1/1/4 v/v/v / 
λ > 290 nm /4 h

CO (54) CO/H2 = 25 [99,100]

2 [CoIII(cyclam)Cl2]Cl p-terphenylTEOA/MeOH /CH3CN (1/1/4) W Hg 
(100 mW cm−2) 4 h

CO (141.8) CO/H2 = 15.1 [102]

3 CoIII(cyclam)X@P25
X = Cl, OHc)

TEOA/MeOH, λ > 400 nm/4 h CO (12.2) CO/H2 = 1 [102]

4 CoIII(cyclam)X@P25
X = Cl, OHd)

TEOA/MeOH, λ > 400 nm/4 h CO (19.7) CO/H2 = 1 [102]

5 CoIII(cyclam)X@P25
X = Cl, OH

RuBpy/TEOA/MeOH, λ > 400/4 h CO (35) CO/H2 = 0.2 [102]

6 CoIII(cyclam)Cl2@SiO2 p-terphenyl TEOA/MeOH/ACN (1/1/4 v/v Hg 
(100 mW cm−2)/4 h

CO (12.5) CO/H2 = 7.8 [103]

7 5CoIII(cyclam)X@SiO2  
X = Cl, OH

p-terphenylTEOA/MeOH/ACN (1/1/4 v/v Hg 
(100 mW cm−2)/4 h

CO (95.5) CO/H2 = 10 [103]

8 20CoIII(cyclam)X@SiO2

X = Cl, OH
p-terphenyl TEA/MeOH/ACN (1/1/4) W Hg 

(100 mW cm−2)/4 h
CO (160.1, 312)d) CO/H2 = 9.8 [103]

9 [Ni(cyclam)]2+ RuBpy/H2O/ascorbate (pH 4 or 5), λ > 400/4 h CO (4.8)e) 100 (CO) [104]

10 NiCyCp/RuP ascorbate (pH 4) λ 375–79/7 h CO (15) n.i. [105]

11 NiCycP/RuP@ ZrO2 ascorbate (pH 4) λ 375–795, 330, 150 W Xe/7 h CO (4.8, 7 h) (322, 1 h) H2/CO = 4.15 [106]

12 NiCycP@ZnSe ascorbic acid (pH 6.5)/MEDA/solar light simu-
lator λ > 400 nm/4 h

CO (283) 34 (CO) c

a)PS = Photosensitizer, SD = sacrificial electron donor; MEDA = 2-(dimethylamino)ethanethiol; b)TON = Turnover number (mols of CO2 converted/mol catalyst); c)Obtained 
by single deposition on TiO2 nanoparticles; d)Microwave synthesis; e)Cumulative amount from repeated irradiation and decreasing loading 1 × 10–4 mol.
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CO and H2 were obtained as major products and the forma-
tion of formic acid was not significant. [Co(cyclam)Cl]@SiO2 
shows significantly higher activity as photocatalyst (TON 95.5) 
toward CO formation than CoIII(cyclam)Cl2@SiO2 in photo-
catalytic CO2 reduction (TON 12.5) after 4 h. The selectivity 
toward CO formation, as measured by the CO/H2 ratio, was 
determined to be 10 and 9.8 for these two samples (entries 6 
and 7, Table 3).

The catalyst loading effect was studied for 
CoIII(cyclam)Cl@SiO2 preparing the products with different 
Co amounts. The CoIII(cyclam)X/SiO2 samples were synthe-
sized by varying the amount of [Co(cyclam)Cl2]Cl (5,   20, and 
40  mg) per 200  mg SiO2 adjusting the corresponding TEOA 
amount. When the 5CoIII(cyclam)X@SiO2 sample was used as 
photocatalyst, a TON of 95.5 for CO production was obtained 
(entry 7, Table  3). The highest activity was achieved using 
20CoIII(cyclam)X@SiO2 (entry 8, Table 3) while the selectivity to 
CO formation decreased as the loading increased. Microwave-
assisted heating in the process of supporting the molecular 
complex to SBA-15 produced a material with uniform distribu-
tion of the active centers and enhanced the TON up to 312.[107] 
Since the same amounts of photosensitizer (p-terphenyl) and 
electron donors (TEOA and methanol) were used in all pho-
tocatalytic experiments, increasing the loading of Co(III), the 
ratio between the concentration of photosensitizer and electron 
donors to Co(III) decreases, which might influence the CO2 
reduction photocatalyst. Since the Co(III) centers are deposited 
on the silica surface upon reacting with surface silanol groups, 
another contributing factor could be related to the Co(III) sites 
on silica surfaces, which has been studied in detail through dif-
ferent techniques.[103]

In conclusion, in comparison with the molecular catalyst 
[Co(cyclam)Cl2]Cl (entry 2, Table  3), the heterogenization via 
functionalization of silanol groups provides higher productivity 
in CO2 photocatalytic reduction.

The interest of the Ni complexes in CO2 photocatalytic 
reduction arises from their low cost in comparison to the most 
studied noble metals. The [Ni(cyclam)]2+ complex (Figure 10) in 
presence of a molecular photosensitizer such as RuBpy photo-
catalyzed the CO2 reduction,[104,108] although with very low CO 
production. Only reducing the nickel cyclam concentration to 
1 × 10–4 mol L–1 and using longer irradiation with replenished 
sensitizer, a TON of 4.8 for CO was achieved (entry 9, Table 3).

Supramolecular systems consisting of ruthenium polypyridyl 
complexes covalently linked to [Ni(cyclam)]2+ have also shown 
to be active in photocatalytic CO2 reduction[105] showing the 
ability of [Ni(cyclam)]2+ derivatives as catalysts in light-driven 
processes.

The modification of [Ni(cyclam)]2+ with a phosphonate 
linkage allowed to support it to metal oxide surfaces, which 
are stable in aqueous environments.[106] The Ni(II) cyclamP 
derivative (cyclamP = 1,4,8,11-tetraazacyclotetradecan-1-yl)meth-
ylene]phosphonic acid) complex was prepared according to 
the literature[109] providing the novel catalyst [Ni(cyclamP)]2+. 
[Ni(cyclamP)]2+ was immobilized onto ZrO2 nanoparticles by 
soaking in an ethanolic solution for 48 h. The successful immo-
bilization in ZrO2 to form [Ni(cyclamP)]2+@ZrO2 through 
the phosphonate linkage was confirmed by FTIR and XPS  
spectroscopies. ICP measurements demonstrated that catalyst  

is not lost when the heterogenized samples are soaked in 
aqueous solution (pH 4) confirming the stability of the phos-
phonate linkage.

The photocatalytic system was prepared supporting the 
Ni(II) complex and a Ru-based PS modified with a phos-
phonic group on ZrO2. This was obtained by soaking ZrO2 
nanoparticles in ethanolic solutions of RuBpyP [Ru(2,2′-
bipyridine)2(2,2′-bipyridine-4,4’-diylbis(phosphonic acid))]) 
and [Ni(cyclamP)]2+ for 48 h, forming [Ni(cyclamP)]2+/
RuBpyP@ZrO2. The presence of both catalyst and PS sup-
ported on the zirconia was confirmed by FTIR, UV-Vis, ICP, 
and XPS and quantified by ICP analysis. Photocatalytic experi-
ments using [Ni(cyclamP)]2+/RuBpyP@ZrO2 in a CO2-purged 
ascorbate buffer (pH 4) under visible illumination provided 
a relatively high CO evolution rate of 322  mmol g–1 h–1 cor-
responding to a TON of 4.8 of CO respect to [Ni(cyclamP)]2+ 
after 7 h (entry 10, Table 3). Although the activity decreased for 
long time periods, probably due to the formation of inactive 
NiI(cyclam)-CO species, the TON in the supported system was 
higher than the ones reported for homogenous systems like 
[Ni(cyclam)]2+ and NiCyCp/RuP, that were 4.8 and 15, respec-
tively (entries 9 and 10, Table 3).[106]

A hybrid system based on a nickel-cyclam complex sup-
ported on quantum dots Cd-free such as ZnSe was reported by 
Reisner and co-workers.[110] To favor the interaction of the Ni 
complex with the support, the phosphonic acid cyclam deriva-
tive was used ([Ni(cyclamP)]2+, Figure  10). This hybrid system 
produced mixtures of CO/H2 with poor selectivity in CO under 
visible irradiation using ascorbic acid as SD. Interestingly the 
modification of the surface of the quantum dot with (2-dimeth-
ylamino)ethanethiol (MEDA) suppressed part of the H2 genera-
tion enhancing the selectivity to CO (34%) and the TON (283) 
(entry 12, Table 3).

Figure 10.  [Ni(cyclam)]2+ and functionalized [Ni(cyclamP)]2+ Ru(BpyP) 
structures.
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5. Tetrapyrrolic Macrocyclic Ligands-Based 
Photocatalysts

Tetrapyrrolic macrocycles, such as metalloporphyrins and 
metallophthalocyanines are particularly relevant catalysts for 
CO2 photoreduction since they are visible light absorbers with 
an extended aromatic conjugation, which provides them high 
molar extinction coefficients and remarkable electron transfer 
ability. Their aromatic structure can be easily modified and they 
can form metal complexes with most metallic elements, which 
allow modulating their physical properties and catalytic activity. 
In general, the metal centers may exist with oxidation states 
ranging from +3 to 0, while the macrocyclic framework pro-
vides them chemical stability and storage of a reducing equiva-
lent and/or a proton.[111]

One of the first examples of immobilized tetrapyrrolic 
macrocycle-based catalysts for CO2 reduction was reported by 
Ramaraj’s group,[112] who described the adsorption of different 
porphyrins, metalloporphyrins, and metallophthalocyanines 
(Figure 11) onto Nafion membranes (tetrafluoroethylene-based 
sulfonated polymers) and their evaluation as catalysts in the 
photoreduction of carbon dioxide to formic acid. The materials 
were prepared by dipping the Nafion membrane in tetrapyrrolic 
macrocycle solutions in DMF. After adsorption, the resulting 
membranes were washed and dried in the dark at room tem-
perature (25 °C). Then, upon dipping the materials in a CO2 
saturated solution and irradiating in the presence of triethanol-
amine as a sacrificial electron donor, formic acid was obtained 
as the major product with very high TONs (in the range 104). 
The Nafion membrane support was shown to play a crucial role 
in the photocatalytic CO2 reduction system since it imposes 
a hydrophobic environment around the metalloporphyrin 
and metallophthalocyanine molecules, which allow them to 

function selectively as catalysts for CO2 reduction and not as 
catalysts for H+ reduction, which typically takes place predomi-
nantly in water. In addition, the authors proposed that highly 
concentrated tetrapyrrolic macrocycle catalysts in the Nafion 
membrane may form specific active sites where these photo-
catalysts are cooperatively involved in CO2 reduction. This pio-
neering study demonstrated the importance of the immobiliza-
tion of the tetrapyrrolic-based photocatalysts in a solid matrix to 
accomplish a selective multielectron transfer process and paved 
the way for numerous subsequent works.

It is well established that metalloporphyrins can not only 
work as light antennas as they are extremely able to efficiently 
adsorb CO2 from aqueous solutions, and subsequently catalyze 
CO2 photoreduction. Moreover, metalloporphyrins’ stability can 
be increased through their effective impregnation into solid 
supports.

In this section, we describe the most relevant studies 
regarding the immobilization of porphyrins, chlorins (reduced 
porphyrin derivatives), and phthalocyanines in solid supports 
for their application as photocatalysts in CO2 photoreduc-
tion processes. The most significant results are presented in 
Table 4.

An efficient system for the photocatalytic reduction of CO2 
and H2O was developed by Ohkubo and Fukuzumi’s group,[113] 
which consisted of cobalt(II) chlorin complex CoChlorin 
(Figure 12) adsorbed onto multi-walled carbon nanotubes 
(MWCNTs) as CO2 reduction catalyst, a [Ru(II)Me2phen)3]2+ 
complex as a PS (Me2phen = 4,7-dimethyl-1,10-phenanthroline) 
and triethylamine as SD, in acetonitrile/water 95:5 v/v. The 
Co(II) chlorin complex was physically adsorbed on the sup-
port simply by mixing and stirring the reaction solution with 
MWCNTs. Then, the irradiation of a CO2-saturated acetoni-
trile solution, containing the system, with visible light, using a 
xenon lamp with a cut off filter (λ > 420 nm) at 298 K, resulted 
in the formation of CO and H2, with a 2.4 to 1.0 ratio, in high 
yield (TON up to 710), which was significantly higher than that 
obtained in the absence of MWCNTs. The good performance 
of the system was attributed to the π–π interactions between 
MWCNTs and Co(II) chlorin complex, which were shown 
to provide a suitable hydrophobic environment for the CO2 
binding instead of a proton (entry 1, Table 4).

Mesoporous materials such as MCM-48 can be also used 
as supports of metalloporphyrin-based photocatalysts. For 
instance, Nadeem et  al.[114] reported the preparation of copper 
tetraphenyl porphyrin (CuTPP) (Figure 12), impregnated inside 
the host cages of mesoporous Ti-MCM-48 materials, with dif-
ferent Si/Ti ratios of 100, 50, and 25 (entry 3, Table  4). The 
impregnation of CuTPP in Ti-MCM-48 was carried out by dis-
solving the metalloporphyrin in dichloromethane, followed by 
addition of the Ti-MCM-48 material. The photocatalysts were 
then tested in the reduction of CO2 to methanol, where the 
mesoporous Ti-MCM 48 material with 25 Si/Ti ratio displayed 
the highest yield (85.88 µmol g–1 L–1), when compared with the 
MCM-48 materials with higher Si/Ti ratios. This result was 
attributed to the prevalence of Ti3+ sites and mid-gap energy 
states in the material, which results in UV light capturing, fol-
lowed by the photoexcited electrons selective transfer from the 
Ti3+ sites to the CO2 molecules adsorbed at the surface (entry 2, 
Table 4).

Figure 11.  Structures of porphyrins and phthalocyanines adsorbed in 
Nafion, described in the pioneering work of Ramaraj’s group.[112]
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The same authors described analogous mesoporous 
Zr-MCM-48 photocatalyst impregnated also with CuTPP 
(Figure 12), having a Si/Zr ratio of 100, 50, and 25.[61] The Zr-
based MCM-48 matrix with maximum Zr content (Si/Zr ratio = 
25), possessing a high surface area specific Brunauer, Emmett 

and Teller of 1324 m2 g–1, presented the highest photocatalytic 
activity with 47.5  µmol methanol formation, under UV-visible 
light irradiation (entry 3, Table  4), which was attributed to 
efficient photoexcited electron–hole pair separation and trans-
portation to the active Zr4+/Zr3+ metal sites from CuTPP, and 

Table 4.  Results of CO2 photoreduction obtained with tetrapyrrolic macrocyclic ligands-based supported catalysts.

Entrya) Catalyst@Support Conditions 
PS/SD/solvent/λ nm/t [h]

Main product (TONb)/TOFc) Selectivity (%, product) Ref

1 CoChlorin/@MWCNT [RuII(Me2phen)3]2+/Et3N/H2O(5%) in MeCN/Xe 
λ >400 nm /25 h

CO (710) 100 (CO)f) [113]

2 CuTPP/Ti@MCM-48 - /0.1 m NaOH, 0.1 m Na2SO3/Xe 500 W/0.5 h CH3OH
(297.06 µmol g−1)

100 (CH3OH) [114]

3 CuTPP/Zr@MCM-48 -/0.1 m NaOH, 0.1 m Na2SO3/Xe 500 W/6 h CH3OH
(193.5 µmol g−1)

100 (CH3OH) [61]

4 CuTPP-MOF -/TEA/H2O/Xe 500 W λ > 400 nm /10 min CH3OH
(262.6 ppm g–1 h–1)

n.i. [115]

5 CoATPP@GO methyl viologen/β-NAD, formate dehydrogenase 
sodium phosphate buffer with TEOA/H2O/Xe 500 W 

λ > 400 nm/1 h

HCOOH
(96.5 µmol in 2 h)

100 (HCOOH) [116]

6 CoTHPP@GO -/-/Xe 300 W λ > 400 nm/45 °C/1 h C2H2 (≈112 µmol m−2)
CH4 (≈57.38 µmol m−2

66 (C2H2)
34 (CH4)

[117]

7 FeTPP@g-C3N4 -/TEOA/MeCN, H2O (3:1, v:v), Xe 300 W 420 nm 
<λ < 780 nm/6 h

CO (up to 6) 98 (CO) [118]

8 FeTPP@TiO2 -/H2O/ Xe 300 W λ > 420 nm/10 h CH4

(20.48 µmol g–1 h–1)
56.1 (CH4) [119]

9 FeTPP@CuInS2/ZnS TEA/4.5 m W Laser λ = 450 nm/10 h CO (50) 86 (CO)
16 (H2)

[120]

10 ZnPc@TiO2 – / 0.1 N NaOH aqueous solution/500 W tungsten 
halogen lamp/25 h

HCOOH
(TOF = 320 s–1)

75 (HCOOH) 15 (CO)
10 (CH4)

[121]

11 CoPc@TiO2 – / NaOH aqueous solution/500 W tungsten 
halogen lamp/10 h

HCOOH
(290 µmol g–1)

89 (HCOOH)
8 (HCHO)

2 (CH4)
1 (CH3OH)

[122]

12 CuPc@TiO2 – / gas phase 45% CO2, 45% CH4, 10% He/125 W 
mercury lamp, 3 h

HCOO– (14% conversion 
CO2)

CH3COO– (18% conversion 
CH4)

[123]

13 CuPcR@TiO2 - / NaOH aqueous solution/ HRC UV-VIS lamp 300 
W and Xe-Halogen lamp 400 W, 8 h

HCOOH (192 mg l–1 g cat–1; 
209 µmol g cat–1)

100 (HCOOH) [124]

14 CoPc-SO2NH2@GO -/TEA/H2O/ 20 W white cold LED/ 48 h CH3OH (3781.9 µmol g–1 
cat.)

>99 (CH3OH)
0.82 (CO)

[125]

15 SnPc@CeO2** SnPc/Et3N/DMF, H2O (3:1)/ 20 W LED λ > 400/24 h CH3OH (rate: 97.5 µmol h–1 
g–1; yield: 2342 µmol g–1 cat)
CO (rate: 35.0 µmol h–1 g–1 
cat; yield: 840 µmol g–1 cat

74 (CH3OH)
26 (CO)

[126]

16 CoPc-COOH@g-C3N4 CoPc-COOH/Et3N/DMF, H2O (3:1)/20 W LED 
λ > 400 nm/24 h

CH3OH (yield: 646.5 µmol 
g–1)

100 (CH3OH) [56]

17 CoPPc@mgpCNx -/TEOA/CH3CN/λ > 400 nm/48 h CO (84) 85 (CO) [127]

18 FePc@g-C3N4 -/TEA/MeCN, H2O (3:1)/ 300 W xenon lamp 
λ > 400 nm, 12 h

CO (1696.96 µmol g–1)
CO (493.35 µmol g−1)

100 (CO) [128]

19 FePc@g-C3N4/PET -/TEA/MeCN, H2O (3:1)/ 300 W xenon lamp 
λ > 400 nm, 12 h

100 (CO) [128]

aPS = Photosensitizer, SD = sacrificial electron donor, n.i. = not indicated; b)TON = turnover number (molproduct/molcatalyst); c)TOF = turnover frequency (molCO/molcatalysth); 
d)Estimated from TOF reported values; e)In parallel with H2 evolution reaction (CO and H2 were produced with a ratio of 2.4:1); **recycled and reused in five cycles without 
loss of activity.
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also due to the mid-gap energy states formation inside the 
Zr-MCM-48 material for CO2 reduction. In addition, the use of 
0.1 m Na2SO3 was shown to promote a better CO2 dissolution 
(with 0.1 m NaOH). Furthermore, light intensity, catalyst con-
centration, and stirring speed were shown to influence photo-
catalyst activity toward methanol formation.

Huang and co-workers described a successful photocatalytic 
reduction process of CO2 to methanol using an MOF, prepared 
from 4-carboxyphenyl Cu(II) porphyrin CuTCPP (Figure 12).[115] 
The Cu(II) porphyrin-based MOF was able to promote CO2 
chemical adsorption and was believed to lower the photoreduc-
tion barrier, consequently improving the CO2 reduction effi-
ciency (entry 4, Table 4).

Baeg and co-workers have described the covalent attach-
ment of isatin-porphyrin (IP) chromophore onto chemically 
converted graphene, which has demonstrated the capability of 
the photocatalyst/biocatalyst integrated system to promote the 
selective methanol synthesis from CO2.[129]

Kumar et  al.[116] reported the synthesis of cobalt(II) ami-
notetraphenylporphyrin (ATPP) immobilized onto graphene 
oxide (CoATPP@GO, Scheme 9) through treatment of gra-
phene oxide with SOCl2, under reflux, using DMF as the sol-
vent, under an inert N2 atmosphere, to obtain the appropriately 
functionalized acyl chloride graphene oxide material, followed 
by the addition of the cobalt(II) aminoporphyrin (Scheme  9). 
The resulting nanohybrid was efficiently applied as photo-
catalyst in CO2 conversion to formic acid under visible light, 
presenting a high photosynthetic conversion of 96.49  µmol 
in 2 h (entry 5, Table  4). The system efficiency was attributed 
to the vast surface area and the very high carrier mobility of 
graphene oxide materials, which favor the electrons to be 
transferred into Co(II) aminoporphyrin. The cobalt hydroxo 
porphyrin derivative (CoTHPP, Figure  12) was used by Niu 
and co-workers to prepare thin-film photocatalysts on graphene 
sheets (CoTHPP@GO) by spray dispersion over a solid support 
(quartz or polyethylene terephthalate film).[117] Irradiation of 
this photocatalyst in CO2 produced hydrocarbon at a generation 
rate of about 170.27 µmol m–2 h–1 as mixtures of acetylene and 
methane (entry 6, Table 4).

A highly efficient visible-light-driven CO2 photocata-
lytic reduction process over graphitic carbon nitride 
(g-C3N4) nanosheets containing tetra(4-carboxyphenyl)por-
phyrin iron(III) chloride FeTCPP was reported by Lin et  al. 
(Figure  12).[118] The g-C3N4 nanosheets presented an ultra-thin 
morphology and the authors hypothesized that such a very 
thin nature could be beneficial to promote the charge transfer 
process longitudinally. The higher specific surface area of the 
g-C3N4 nanosheets (135.8 m2 g–1), when compared with that 
of bulk g-C3N4 (30.0 m2 g–1), was shown to favor the FeTCPP 
adsorption. Although the FeTCPP was inactive under vis-
ible light irradiation in the absence of g-C3N4 nanosheets, the 
FeTCPP@g-C3N4 heterogenous photocatalysts exhibited an 
efficient photocatalytic activity for CO2 reduction to CO, upon 
visible light illumination (420 to 780 nm), using TEOA as sacri-
ficial reductant, with above 98% selectivity for CO production, 
only trace amounts of CH4 and without H2 or any other prod-
ucts being formed (entry 7, Table  4). Total CO evolution was 
shown to increase with the increasing amount of porphyrin 
photocatalyst FeTCPP (Figure  12), which was attributed to a 
higher quantity of catalytic centers. However, the CO yield per 
gram of FeTCPP and the TON value were lower with increasing 
the amount of FeTCPP, due to the fact that FeTCPP cannot 
be fully utilized in case of high excess, which may hinder 
light harvesting. In addition, the presence of carboxyl groups 
in the molecular catalysts was also found to be beneficial for 
the photocatalytic activity, when compared with the analogous 
nonsubstituted iron(III) tetraphenylporphyrin-based system 
FeTPP@g-C3N4, what was attributed to hydrogen bonding 
between the amino groups at the surface of g-C3N4 nanosheets 
and the carboxyl groups of the iron(III) porphyrin, enhancing 
the interactions between the photocatalyst and the g-C3N4 sup-
port and thus, promoting higher electron transfer. Another 
explanation for that observation is that the FeTCPP (having a 
carboxyl group) is more prone to accepting electrons from the 
carbon nitride nanosheets, as the E0 values of Fe(III)/Fe(II)/
Fe(I)/Fe(0) redox couples for FeTCPP are more positive (or less 
negative) than those of FeTPP, due to the electron-withdrawing 
nature of the p-phenyl carboxyl groups at the meso positions of 
the macrocycle. Based on these results, a plausible mechanism 
for CO2 photoreduction over FeTPP@g-C3N4 heterogenous cat-
alysts was proposed (Scheme 10), in which the photo-induced 
electrons in g-C3N4 nanosheets are first transferred to FeIIITCPP 
upon irradiation, leading to the formation of the reduced spe-
cies FeIITCPP. In parallel, the holes left in g-C3N4 nanosheets 
are harvested by the sacrificial reductant agent TEOA. In 
the presence of CO2 in solution, the complex intermediate  
[FeIITCPP–CO2] is formed, which can further receive electrons 
from g-C3N4 nanosheets (twice) to yield the [Fe0TCPP–CO2]2– 
species. Then, the catalytically active Fe0TCPP species reduce 
CO2 to CO, coupled with proton transfer and, finally, the  
FeIITCPP species is regenerated, closing the catalytic cycle.

Wu et al. reported an efficient photocatalytic CO2 reduction 
with high selectivity for methane formation, using iron (FeTPP, 
Figure 12) supported on an atomically thin defective TiO2 mate-
rial.[119] The FeTPP@TiO2 photocatalyst exhibited a CH4 produc-
tion rate of 20.48 µmol g–1 h–1 with a 56.1% selectivity of CH4 
formation, under visible light irradiation (entry 8, Table 4). The 
oxygen vacancies of defective TiO2 support were demonstrated  

Figure 12.  Structures of metalloporphyrin photocatalysts immobilized 
onto solid supports for CO2 photoreduction.
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to contribute to increasing visible light absorption and simul-
taneously promote a higher FeTPP dispersion. Furthermore, it 
was shown that FeTPP enhances the adsorption of CO interme-
diates, thus a synergistic effect between the oxygen vacancies at 
the solid support and FeTPP was found to promote the inter-
facial charge migration and separation of charge carriers, thus 
improving the efficiency and selectivity of CO2 photoreduction 
to CH4 (Scheme 11).

Quantum dots noble metal-free used as photosensitizers 
materials to build hybrid systems with FeTPP molecular cata-
lyst (FeTPP@CuInS2/ZnS) were reported by Lian et  al.[120] 
This hybrid catalyst dispersed in a dimethyl sulfoxide solution 
produced CO under laser irradiation (λ = 450 nm) achieving a 
TON of ≈50 with a selectivity on CO of 84% (entry 9, Table 4).

Metallophthalocyanines are chemically stable synthetic 
molecules, which can be easily prepared and structurally modu-
lated. When compared to porphyrins, the increased π-electrons 
and the presence of nitrogen atoms in the macrocycle meso 

Scheme 9.  Synthesis of graphene oxide supported Co(II) aminoporphyrin nanohybrid composite (CoATPP@GO).[116]

Scheme 10.  Proposed catalytic mechanism for CO2 photoreduction using 
FeTCPP@ g-C3N4 heterogenous catalyst with TEOA as a sacrificial agent. 
Reproduced with permission.[118] Copyright 2018, Elsevier.
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positions allow the formation of stable metallic complexes and 
offer intense absorption bands in the near-infrared, in addi-
tion to the UV/violet region. Therefore, metallophthalocyanines 
have been widely studied and used in photocatalytic processes 
for CO2 reduction.

Zhao and co-workers described the preparation of zinc phth-
alocyanine (ZnPc)-loaded TiO2 hybrid material, which was syn-
thesized by a sol–gel method.[121] XRD and differential reflec-
tance spectroscopy techniques clearly demonstrated that ZnPc 
metal complexes (Figure 13) were mainly present on the titania 
surface. Using this hybrid photocatalytic system, carbon dioxide 
in a NaOH aqueous solution was reduced to produce formate 
(75%), CO (15%), and CH4 (10%), using visible light irradia-
tion (entry 10, Table 4). The ZnPc was shown to rapidly transfer 
excited electrons to TiO2 and enhance the separation of holes 
and electrons, significantly promoting the photoefficiency. The 
same authors reported the synthesis of a similar CoPc-loaded 
titania hybrid photocatalyst,[122] which was prepared through 
an improved sol–gel method, using a homogenous hydrolysis 
technique. The hybrid material was used in the photoreduction 
of CO2 in NaOH solution under ambient conditions, with the 
formate yield being significantly higher than that of other prod-
ucts, namely, formaldehyde and methanol (entry 11, Table  4). 

The CoPc-loaded titania hybrid material was demonstrated to 
act as a highly efficient photocatalyst for CO2 reduction. The 
photoconductive CoPc was able to transfer electron to TiO2 
under irradiation, and capable to reduce the recombination of 
electron–hole pairs. In addition, OH– and Na2SO3 in aqueous 
solution were found to be powerful hole scavengers, enhancing 
the photocatalytic reactivity.

Yazdanpour and Sharifnia reported a copper phthalocyanine 
(CuPc, Figure  13) modified titanium dioxide (CuPc@TiO2) 
photocatalytic system.[123] The hybrid material was coated on 
stainless steel mesh and it was applied in the direct photocon-
version of carbon dioxide and methane in an appropriate gas-
phase batch reactor, under visible light, leading to conversions 
of 14% and 18% for CO2 and CH4, respectively, with the major 

Scheme 12.  Diagram of proposed mechanism for CO2/CH4 photoreduc-
tion with CuPc@TiO2 photocatalyst. Reproduced with permission.[123] 
Copyright 2013, Elsevier.

Scheme 11.  Schematic diagram of the CO2 photoreduction to CH4 mechanism on FeTPP@TiO2. Reproduced with permission.[119] Copyright 2021, 
Royal Society of Chemistry.

Figure 13.  Structures of metallophthalocyanine photocatalysts immobi-
lized onto solid supports for CO2 photoreduction.
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products formed being formate and acetate derivatives (entry 
12, Table  4). The authors proposed a mechanistic cycle, which 
is depicted in Scheme 12. Upon irradiation of the CuPc@TiO2 
film with visible light, the CuPc is excited to generate an elec-
tron in an excited single state of CuPc and a hole (h+) in the 
ground state of CuPc. Then, the electron is injected into the 
conduction band of TiO2 and a series of oxidation–reduction 
reactions occur. The radical •CH3 is produced through CH4 oxi-
dation by valence band holes, and H+ are released. Then, two 
methyl radicals may couple to produce ethane and the conduc-
tion band electrons reduce CO2 to •CO2

– radicals. •CO2
– can 

be attacked by CH4, and acetate is formed. Then acetate reacts 
with H+ to produce acetic acid. If •CO2 radicals are attacked by 
•H, then formate is formed. Finally, the formate may react with 
H+, to yield formic acid.

Mele and co-workers described lipophilic metal-free PcR, as 
well as Cu(II)- and Zn(II)tetrakis [4-(2,4-bis-(1,1-dimethylpropyl)
phenoxy)]phthalocyanines CuPcR and ZnPcR (Figure 14) 
loaded over TiO2.[124] The composite materials were prepared 
by impregnating TiO2 (anatase phase) with the desired phth-
alocyanine-based sensitizers in dichloromethane. The materials 
were active in the CO2 photoreduction to formic acid in H2O, 
upon irradiation with UV-vis light. Among all, the CuPcR@
TiO2 showed the best catalytic performance (209 µmol g cat–1), 
exceeding in efficiency other phthalocyanine-based catalytic sys-
tems (entry 13, Table 4). In addition, these hybrid photocatalysts 
presented high chemical stability, and operated under mild 

reaction conditions (room temperature and moderately acidic 
pH), avoiding the addition of any organic additives (e.g., radical 
scavengers) that are usually necessary.

Kumar and co-workers reported graphene oxide-teth-
ered Co(II) phthalocyanine complex CoPc-SO2NH2@GO 
(Figure 15).[125] This hybrid composite was used for the pho-
tocatalytic reduction of carbon dioxide in water as solvent and 
triethylamine as the sacrificial donor. It was found that CoPc-
SO2NH2@GO exhibit high photocatalytic activity (yield = 
3781.9 µmol g–1 cat; conversion rate = 78.8 µmol g–1 cat h–1) with 
methanol being obtained as the major product (>99%) along 
with the minor formation of CO (0.82%) (entry 14, Table  4). 
According to previous literature, the presence of oxy function-
alities in the graphene oxide structure creates a 2D network 
of infinite sp2 and sp3 domains, which allows the GO sheet to 
behave as a semiconductor with valance and conduction bands, 
thus promoting an efficient photocatalytic activity. Moreover, 
the catalyst was easily recovered by filtration and reused for the 
subsequent recycling experiments without significant loss of 
catalytic activity and selectivity.

The same author also developed heterostructured tin phth-
alocyanine supported to mesoporous ceria (meso-CeO2).[126] The 
meso-CeO2 was prepared by combustion method using chi-
tosan as a template. Then, meso-CeO2 was treated with water 
to enhance the OH groups on the surface and, finally, tin(IV) 
phthalocyanine dichloride was attached to meso-CeO2 via axial 
position, through exchange with OH groups of the mesoporous 
support (SnPc@CeO2, Figure 16). The hybrid photocatalyst 

Figure 14.  Structures of phthalocyanine photocatalysts immobilized onto TiO2 for CO2 photoreduction, reported by Mele et al.[124]

Figure 16.  Synthesis of heterostructured tin phthalocyanine supported to 
mesoporous ceria.[126]Figure 15.  Structure of GO-grafted CoPc hybrid photocatalyst.
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SnPc@CeO2 exhibited good photocatalytic activity under visible 
light irradiation and afforded methanol and carbon monoxide 
as major products (entry 15, Table 4), being more efficient than 
meso-CeO2 and homogenous SnPcCl2. Additionally, the recov-
ered catalyst showed constant catalytic activity for five runs 
without loss of catalytic activity and selectivity.

More recently, Kumar et  al. developed a hybrid photocata-
lyst consisting of cobalt phthalocyanine tetracarboxylic acid 
(CoPc-COOH) complex immobilized to the organic semicon-
ductor graphitic carbon nitride (g-C3N4) (Scheme 13).[56] The 
synthesis of metal complex-semiconductor hybrid photocata-
lyst was obtained by mixing g-C3N4 with CoPc-COOH in DMF 
at room temperature for 48 h under inert N2 atmosphere. 
The hybrid material CoPc-COOH@g-C3N4 was found to be a 
highly efficient photocatalyst for CO2 reduction to methanol 
(12.9  mmol g–1 cat), using visible light irradiation and trieth-
ylamine as sacrificial electron donor (entry 16, Table  4). The 
catalyst efficiency was attributed to the high CO2 affinity of 
the active Co(II) sites, the efficient charge separation/electron 
mobility due to the g-C3N4 surface, prolonged lifetime of the 
excited state, and high surface area for effective CO2 conver-
sion. The maximum methanol yield was found 12.9 mmol g−1 
catalyst, in 24 h irradiation. In addition, the strong interaction 
between the carboxylic functional groups of CoPc-COOH with 
g-C3N4 support heteroatoms makes the hybrid photocatalyst 
extremely robust, preventing the metal leaching occurrence 
throughout the photoreduction reactions.

In situ polymerized cobalt phthalocyanine over mesoporous 
graphitic carbon nitride (CoPPc@mgp-CNx, Figure 17) was a 
selective photocatalysts for the reduction of CO2 to CO. At the 
optimized Co loading, under full solar spectrum (λ > 300 nm) 
in the presence of TEOA/CH3CN, this material generated 
1000 mmol of CO per g after 48 h (TON = 84) with selectivity 
of 84% which corresponds to a 65% increase compared to that 

obtained under visible light (entry 17, Table  4).[127] This result 
confirmed that mgp-CNx acted as the light absorber.

Mo and co-workers reported the synthesis of the FePc@g-
C3N4 hybrid catalyst by mixing g-C3N4 and FePc in refluxing 
DMF (Scheme 14).[128] The FePc@g-C3N4 composite was fully 
characterized and the scanning electron microscope images 
confirmed a porous structure consisting of nanosheets with 
lamellar morphology, showing no significant changes upon 
loading the metallophthalocyanine complex, which is indica-
tive that the FePc molecules are uniformly distributed on the 
g-C3N4 surface. The FePc@g-C3N4 material was applied as 
photocatalyst in CO2 reduction, in which g-C3N4 works as the 

Scheme 13.  Synthesis of CoPc-COOH@g-C3N4 photocatalyst. Reproduced with permission.[56] Copyright 2019, Elsevier.

Figure 17.  Structures of metallopolyphthalocyanine CoPPc.
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light-harvesting unit while FePc acts as the catalytic center. The 
photocatalytic CO2 reduction experiments were carried out in a 
water/acetonitrile system using TEA as a sacrificial reductant 
agent and visible light. After 12 h irradiation, CO was obtained 
as a major product (CO yield = 1696.96  µmol g–1), with no 
liquid products, such as methanol or ethanol, being detected 
(entry 18, Table 4). Furthermore, inspired by the photosynthesis 
of natural plants, the authors further immobilized the powder 
catalysts on polyester (PET) fibers, via a hot-melt adhesive pro-
cess. Remarkably, the photocatalytic fibers FePc@g-C3N4/PET 
catalyst also exhibited high activity for CO2 reduction to CO 
(≈490  µmol g−1), under both simulated and natural sunlight, 
which demonstrates the system’s practicability and portability 
(entry 19, Table 4).

6. Conclusion

The development of efficient CO2 conversion processes for the 
production of value-added products is one of the most chal-
lenging tasks that the scientific community faces nowadays. 
Among the various possibilities, photoreduction of CO2 to gen-
erate low valence carbon substances such as carbon monoxide, 
formic acid, methanol, and methane, has the advantage of using 
directly the sustainable and practically inexhaustible energy 
provided by the sun. Nevertheless, this approach presents sev-
eral challenges. First, efficient, cheap, and available photoactive 
light-harvesting materials are necessary and active catalysts able 
to activate CO2 are also required. So far, the design of mole-
cular catalysts based on metal complexes has produced some 

interesting examples of photoactive systems for CO2 reduction. 
Examples of this are the Re(I) bipyridine-based systems, which 
are highly selective for the CO2 to CO photoreduction.[64,65] The 
low stability and modest activities provided by the examples of 
the first-generation molecular catalysts have been improved 
by their combination with solid supports. Thus, using photo-
active or photosensitized supports for the Re(I) bipyridine-
based systems, the stability was increased and the efficiency 
was multiplied by ten in terms of TONs for the production of 
CO.[74,84] Other reduction products can be selectively obtained 
by changing the metal of the molecular catalyst. For example, 
ruthenium-bipyridyl-based catalytic systems supported on a 
combination of graphitic carbon nitride and Ag nanoparti-
cles produced formic acid with high selectivity and efficient 
quantum yield (5.2%).[50] But to avoid expensive metals, inten-
sive research has been oriented to the development of catalysts 
formed by complexes of earth-abundant metals such as Co, Ni, 
Fe, Mn supported on cheap and available solids such as titania, 
silicon oxides, zirconia, ceria, and carbon-based materials. For 
example, Co-quaterpyridine[92] and Ni[106] and Co-cyclam[103]-
based systems produce mixtures of CO and CO/H2 with TONs 
up to 300 in some cases in an aqueous environment. Fe-
phthalocyanine supported on graphene nitride produced up 
to ≈1700 µmol g–1.[127] Selective methanol production has been 
accomplished using Cu-porphyrin systems.[114,61] Interestingly, 
the same Fe-porphyrin catalyst produced CO when supported 
over graphene nitride[118] or methane when supported over 
TiO2.[119]

Therefore, these hybrid catalysts have been proved to photo
catalyze the reduction of CO2 at mild conditions selectively to 

Scheme 14.  Synthesis of FePc@g-C3N4 photocatalyst. Reproduced with permission,[128] Copyright 2021, Royal Society of Chemistry.
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CO, formic acid, and methanol. Less common has been the 
eight-electron reduction to methane. Nevertheless, improve-
ments are still required in terms of activities, especially 
regarding the material photostability and reusability. The com-
bination of the unique reactivity of metallic complexes with 
CO2 and the photoactivity and stabilization provided by the 
supports offer new possibilities in the design of highly active, 
selective, and reusable catalytic materials. The catalytic activity 
of these systems of immobilized molecular complexes can be 
further improved through the modulation of the characteristics 
of the photosensitizers, the interaction between molecular com-
plex and support, and the electronic properties of the ligands, 
to tune the parameters involved in intermediate steps of the 
catalytic cycle such as the light absorption, the proton and elec-
tron transfer processes, and the CO2 reactivity. Selectivity is still 
the main issue, however hybrid catalysts, in particular photo-
catalytic conditions, can provide predominantly CO, MeOH, or 
formic acid depending on the metal and ligand.

Future challenges in the photoreduction of CO2 should 
include also the coupling of the CO2 reduction with oxidation 
processes leading to useful materials to avoid the generation 
of residues formed from the sacrificial donors.[91] Finally, it is 
necessary to develop continuous-flow photoreduction processes 
with the hybrid materials to avoid deactivation in the semibatch 
procedures to really assess the stability of the systems.
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