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Abstract: Nowadays, materials with great potential for environmental protection are being sought.
Metal–organic frameworks, in particular those with cobalt species as active sites, have drawn con-
siderable interest due to their excellent properties. This review focuses on describing cobalt-based
MOFs in the context of light-triggered processes, including dye degradation, water oxidation and
splitting, carbon dioxide reduction, in addition to the oxidation of organic compounds. With the
use of Co-based MOFs (e.g., ZIF-67, Co-MOF-74) as photocatalysts in these reactions, even over 90%
degradation efficiencies of various dyes (e.g., methylene blue) can be achieved. Co-based MOFs also
show high TOF/TON values in water splitting processes and CO2-to-CO conversion. Additionally,
the majority of alcohols may be converted to aldehydes with efficiencies exceeding 90% and high
selectivity. Since Co-based MOFs are effective photocatalysts, they can be applied in the elimination
of toxic contaminants that endanger the environment.

Keywords: Co-MOFs; cobalt active sites; water oxidation; CO2 reduction; light-driven degradation
of dyes; oxidation of alcohols

1. Introduction

When thinking of an inexhaustible source of energy, the sun comes first. Sunlight
offers a huge package of energy, and the only limitation is the ability to harvest it properly.
Therefore, the scientists of the world are in a race to develop a method of harvesting light
that can revolutionize every aspect of our daily lives. Photocatalysts can utilize light energy
and transfer it to form or break bonds in molecules. Technologies based on photocatalysis,
such as the production of clean fuels, the reduction of greenhouse gases or the degradation
of pollutants, hold great promise for energy and environmental protection [1–5]. Up
to now, the most investigated light-driven processes are degradation of dyes [6], water
splitting, and oxygen/hydrogen evolution reactions (OER/HER) [7–10], in addition to
carbon dioxide reduction [11,12]. Certainly, these reactions can be carried out with noble
metals or photocatalytically active metal oxides [13]. However, they are limited either by
high price or poor selectivity in obtaining the desired product. Metal–organic frameworks
(MOFs) are a new class of porous crystalline materials that have been shown to be very
useful in photosensitive processes. MOFs are built of inorganic nodes (metal ions or metal
clusters), connected to organic linkers [14]. They are famed for their well-developed surface
area, rich topology, tuneable porous structure, and unique morphology of particles [15].
Due to their features, MOFs are applied in various areas, such as adsorption, gas separation,
sensing, energy storage, drug delivery, and catalysis [16–18].

Conventional photocatalysts face issues with accessibility to the catalytic centres.
MOFs, due to their high porosity, can provide ample access to the active sites that ensure
product separation [19–21]. Briefly, a heterogeneous catalytic reaction consists of five main
steps: (i) diffusion of the reactant to the catalyst surface, (ii) reactants adsorption on the
surface, (iii) chemical reaction, (iv) products desorption, and (v) products diffusion. If there
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is a high affinity between catalyst and adsorbate, the activation energy of the reaction can
be greatly reduced. The sorption properties of MOFs can be tuned via changing the pore
size and inorganic nodes [22,23]. In a photocatalytic reaction, the driving force is light.
A photocatalyst is a semiconductor material that has valence (VB) and conduction (CB)
bands. The energy difference between these two bands is called the band gap, most often in
the range of 1.8–3.5 eV. Light, as a causative force in photocatalysis, induces the generation
of electron-hole pair (e−–h+). The energy of the photons must overcome the band gap of
the semiconductor to excite an electron from VB to CB. However, only a small amount of
electrons can be transferred to the surface to drive a chemical reaction. This is due to the
recombination of electrons and holes, which can generate either heat or light [24].

The linkers in MOFs and light-sensitive guests confined within the framework can
improve the scope of light absorption [25–27]. The predominance of aromatic compounds
as linkers allows the absorption of irradiation in a wide range, from UV to visible light. As a
result, excitation and transfer of electrons i.e., n-π* or π-π*, occurs. To efficiently separate
the charges upon exposure to light, MOFs usually require chromophores (photosensitiz-
ers). They sensitize the system to the action of light and promote an electron to jump to
higher energy levels. The electron transferred to the MOF induces a charge difference
and forms electron-hole pairs that drive chemical reactions [28]. To protect the system
from degradation, a sacrificial agent is required to supply electrons. Homogeneously
distributed and stabilized metal nodes in MOFs act as catalytic active sites. As semicon-
ductors, they reduce the recombination of photogenerated charge carriers [29]. Moreover,
post-synthetic modifications (PSMs) of MOFs e.g., defect-engineering or doping with
narrow band gap co-catalysts, can further improve the performance of MOFs [21,30,31].

Amongst the wide variety of MOFs, cobalt-based MOFs are broadly used in conven-
tional heterogeneous catalysis e.g., ZIF-67 (ZIF = Zeolitic Imidazolate Framework) [32,33],
Co-btc (H3btc = 1,3,5-benzenetricarboxylic acid) [34,35], {[Co(1,3-bdc)(4-tbt)2/3]× (H2O)(DMF)1.5}n
(4-tbt = 1,3,5-tris(4-pyridyl)benzene; H2bdc = isophtalic acid) [36], Co-tpt (tpt = 2,4,6-tris(4-
pyridyl)-1,3,5-triazine) [37], Co-MOF-74 [38], and more [39]. They exhibit catalytic activity
after pyrolysis, even after decomposition of frameworks [40,41]. For example, MOF-derived
cobalt nanoparticles are used to catalyse amines synthesis [42], or MOF-derived carbon
composites are applied in oxidation processes [43]. Co species acting as catalytic active
sites can also be introduced into non-cobalt MOFs e.g., in the case of Co21-MOF-5 applied
in CO2 conversion to carbonates [44]. Cobalt active sites have been investigated mainly
in Co3O4 and cobalt complexes. In metal oxide, cobalt creates tetrahedral Co2+ and octa-
hedral Co3+ active sites. It is rather puzzling, which sites are more suitable for specific
reactions. For Co3O4, it has been suggested that both Co2+ and Co3+ species are effective
for the oxygen evolution reaction [45]. In Co-based complexes for hydrogen generation,
an induction period has been recorded [46,47]. It is usually assigned to the multiple equilib-
riums that require a transition from Co2+/Co3+ to their reduced intermediates or hydrides.
In other applications, such as CO2 reduction, Co(I) species have been observed to exhibit
strong nucleophilic properties. Therefore, Co(I) demonstrate high reactivity with CO2,
H3O+, and small organic molecules [48]. There are more conclusions about the catalytic
activity of cobalt for Co3O4 and cobalt complexes than for Co species in MOFs. In the
ZIF structure, cobalt coordinates to the nitrogen from imidazolate motifs and forms Co–N
bonds. In turn, in carboxylic acid-based MOFs, Cox(µx–OH) bridges are present. There-
fore, the comparison of the Co catalytic sites from metal oxide and MOFs is theoretical
and can only be suggestive. In addition, differences in Co2+/Co3+ ratios may occur in
cobalt-containing catalysts, and it is difficult to obtain reproducible and comparable materi-
als. Nevertheless, the scaffold of MOFs stabilizes the Co-nodes, immobilizes the linkers,
and confines the catalytically active guests. This ensures an easily accessible interface and
high dispersion of Co active sites. Moreover, MOFs can be recovered after the catalytic
reaction due to their solid structure.

Noble metals such as Pt and Rh, metal oxides e.g., TiO2 are great promoters in
light-triggered catalysis, but they are expensive and can catalyse the reaction backwards,
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hence the search for new materials and the use of other metals must be considered [49].
Up to now, various MOFs have been successfully utilized as catalysts in processes such
as water splitting [50–53], CO2-to-CO conversion [54,55], photocatalytic degradation of
dyes [56], and the oxidation of organic compounds [57]. Moreover, there are many meth-
ods to modify MOFs for photocatalysis i.e., ligand functionalization, mixed-metal/linker
strategy, organic compounds sensitization, metal ion/ligand immobilization and dop-
ing [58]. Cobalt-based MOFs are well known in traditional heterogeneous catalysis and
are increasingly recognized specifically in photocatalysis. However, the versatility of
Co-MOFs in photocatalytic processes has not yet been sufficiently emphasized. For this
reason, the following review focuses primarily on the application of cobalt-based MOFs
and their composites in light-driven reactions, such as dye degradation, water oxidation
for O2 evolution, water splitting for H2 generation, CO2 reduction to CO, and oxidation
of organic compounds (Figure 1). A compilation of approaches to the applicability of
Co-MOFs, a comparison of their efficiencies, and suggestions on the mechanisms driv-
ing photocatalytic reactions have been provided. Additionally, interesting examples of
Co-MOFs with high catalytic activity and/or selectivity for the desired product are pre-
sented. It should be mentioned that the performance of MOFs is often reported in different
ways e.g., as turnover number (TON), turnover frequency (TOF), the amount of generated
product, or even the quantum efficiency of the catalyst. This could pose an issue for the
comparative analysis [59,60]. The advantages of Co-MOFs in relation to other traditional
catalysts have also been highlighted taking into account their regenerability, stability, cost,
and reusability.
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Figure 1. The applications of cobalt-based MOFs, MOFs doped with Co2+ species, and MOF-derived
materials, in various photocatalytic processes i.e., degradation of dyes, water oxidation for O2 evolu-
tion, water splitting for H2 generation, CO2 reduction to CO, and oxidation of organic compounds.

2. Photocatalytic Degradation of Dyes

Textile, paper, and clothing industries are the main cause of the existence of or-
ganic dyes in water, which contributes to significant environmental pollution. Indus-
trial effluents that contain toxic and non-biodegradable colorants are highly dangerous
toward living organisms, thus their removal from water reservoirs is necessary. Various
processes e.g., membrane filtration [61], ion exchange [62], adsorption [63], ozonation [64],
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coagulation-flocculation [65], or photocatalytic degradation [66] are applied in order to
eliminate dyes present in water. Over the past few years, photodegradation has become
popular since it carries numerous advantages. The reaction may be conducted at room
temperature and lasts only a few hours. Moreover, contaminants can be mineralized to
harmless molecules (e.g., water, carbon dioxide) through the in situ generation of radicals
without forming harmful secondary products. Light intensity, pH, or adsorption properties
can affect the photodegradation of dyes. With the increase in the irradiation intensity,
reactive oxygen species are generated at a higher rate and the photocatalytic performance is
improved. Electrostatic interactions between the reactants are determined by the pH value,
however, each catalyst may work more efficiently at a different pH. Although the moderate
dye adsorption enhances the degradation yield, after exceeding a certain limit it can be
unfavourable. Not only do fewer photons reach surface active sites, but also the molecules
of a dye can act as sensitizers that absorb electrons, scattering them in unwanted directions.

In the first step of the photocatalytic process, pollutants are transported from the
environment to the surface of the photocatalyst where oxidation-reduction reactions take
place. Photogenerated electrons in the CB and holes in the VB force these reactions to
occur. Afterward, the products are desorbed and returned to the liquid phase. In order
to generate electron-hole pairs, the energy of the photons must be equal to or exceed the
band gap of the photocatalyst [67]. In the photodegradation of dyes, materials such as
oxides (TiO2, ZnO), metal salts, or chalcogenides (e.g., CdS, Sb2S3, MnS), including their
composites were described, although recently cobalt-based MOFs have been willingly
utilized [68]. The large surface area, a wide selection of metallic centres and organic linkers,
as well as the possibility to control morphological properties make MOFs excellent potential
photocatalysts [68,69].

ZIF-67, synthesized via hydrothermal reaction from cobalt salts, (e.g., Co(NO3)2·6H2O)
and 2-methylimidazole as organic linker, has a large specific surface area and is highly
porous, hence it exhibits numerous applications in photocatalysis. The mechanism of the
photocatalytic degradation of dyes using ZIF-67 is simple (Figure 2). In order to regain the
stable state, the electron is taken from the water molecule causing its oxygenation into •OH
active form. Additionally, the electron that is present in the LUMO and the oxygen from
ZIF-67 surface form •O2

− that is subsequently converted into •OH. Dye molecules may be
cleaved by these radicals to successfully conduct the photodegradation [70,71].

Catalysts 2022, 11, x FOR PEER REVIEW 5 of 34 
 

 

ZIF-67@CoWO4@CoS showed approximately 100% efficiency in methylene blue photo-
degradation after only 10 min of irradiation. Both individual components’ degradation 
effectiveness and the activity of ZIF-67@CoWO4 and ZIF-67@CoS are not as high as ZIF-
67@CoWO4@CoS, which may result from the synergistic effects of pure MOF, CoWO4, and 
CoS as well as the narrow band gap energy in the ZIF-67@CoWO4@CoS. The novel catalyst 
turned out to be very stable and even after eight reuses its activity loss is insignificant. 

 
Figure 2. Scheme representing the photodegradation reaction mechanism involving ZIF-67. 

ZIF-67 and ZIF-8 were combined to create a single structure Co/Zn-ZIF that can be 
applied in the photodegradation of indigo carmine under solar-simulated irradiation [73]. 
One-pot synthesis was conducted at room temperature in order to incorporate cobalt into 
the ZIF-8 structure. A very important property of the new, bimetallic Co/Zn-ZIF is its ex-
cellent stability in aqueous solutions, which is a crucial factor for any material used in 
photodegradation processes. Less than three hours of irradiation in the presence of Co/Zn-
ZIF is required to remove almost 100% of the dye. Due to the fact that hydroxyl ions facil-
itate the generation of hydroxyl radicals, which are behind the indigo carmine decompo-
sition, the catalytic activity of a MOF is higher in an alkaline environment. 

Two H2L (5-(4-(imidazolyl-1-yl)phenyl) isophthalic acid)-based Co(II) MOFs–
[Co(L)(tib)(H2O)2]n and [Co(L)(bip)0.5]n (tib = 1,3,5-tris(1-imidazolyl)benzene; bip = 3,5-
bis(1-imidazolyl)pyridine ether) were obtained under solvothermal conditions and uti-
lized in methylene blue as well as methyl violet removal [74]. With the use of the first 
material, within two hours of UV irradiation the degradation rates toward methylene blue 
and methyl violet were 75.2% and 92.1%, while for the second Co-MOF were 57.7% and 
89.7%. Behind the great photocatalytic properties of [Co(L)(tib)(H2O)2]n and 
[Co(L)(bip)0.5]n, are, respectively, a 2D stacking structure and a macroporous structure, 
since they allow more active sites to be exposed. As a consequence, multiple free radicals, 
which take part in the decomposition of dye molecules, are formed. In addition, both ma-
terials were examined for reusability in the elimination of methyl violet, for which a slight 
decline (from 92.1% to 91.5% for [Co(L)(tib)(H2O)2]n and from 89.7% to 88.9% for 
[Co(L)(bip)0.5]n) in photocatalytic performance was observed after three recycles. 

Methylene blue, methyl violet, and rhodamine B can also be decomposed by the 
novel, solvothermally synthesized Co-based MOFs – [Co4(bbibp)5(HCOO)8(H2O)2]n and 
[Co(bimmb)(NO3)2]n (bbibp = 4,4-bis(imidazol-1-yl)biphenyl; bimmb = 1,4-bis(imidazol-1-
ylmethyl)benzene) [75]. After 75 min of UV irradiation, almost 100% of methylene blue, 
49.2% of methyl violet, and 39% of rhodamine B were degraded using the first MOF. For 
the second material, the degradation rates of these dyes were as follows: 94%, 68.7%, 

Figure 2. Scheme representing the photodegradation reaction mechanism involving ZIF-67.

This MOF has already been used in the photodegradation of methyl orange [70],
methyl blue [71], and rhodamine B [71]. Over 88% of methyl orange was decomposed
after one hour, which is related to reactive charge carriers’ formation by the photoactive
particles of ZIF-67. Furthermore, ZIF-67 exhibited high photostability and only a small
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decrease in its photocatalytic activity is noticeable after three degradation cycles [70].
ZIF-67 used in methyl blue and rhodamine B removal was subjected to argon annealing
treatment to improve the photocatalytic activity. In one hour, 85.7% and 54.8% of dyes
were degraded, respectively. Compared with the ZIF-67, ZIF-67(Ar) displayed better
tolerance toward pH changes, therefore higher degradation rates in a wide pH range were
observed [71]. New nanocomposite ZIF-67@CoWO4@CoS was synthesized from ZIF-67 in
addition to CoWO4 and CoS nanoparticles, and applied as a photocatalyst for methylene
blue degradation [72]. Given that CoS is biocompatible and cheap, and, moreover, in the
presence of Co(II) ions peroxide substrates, may be decomposed into •OH, it can be used
to activate ZIF@CoWO4. This allows the generation of free radicals under visible light
irradiation. ZIF-67@CoWO4@CoS showed approximately 100% efficiency in methylene
blue photodegradation after only 10 min of irradiation. Both individual components’
degradation effectiveness and the activity of ZIF-67@CoWO4 and ZIF-67@CoS are not as
high as ZIF-67@CoWO4@CoS, which may result from the synergistic effects of pure MOF,
CoWO4, and CoS as well as the narrow band gap energy in the ZIF-67@CoWO4@CoS.
The novel catalyst turned out to be very stable and even after eight reuses its activity loss
is insignificant.

ZIF-67 and ZIF-8 were combined to create a single structure Co/Zn-ZIF that can be
applied in the photodegradation of indigo carmine under solar-simulated irradiation [73].
One-pot synthesis was conducted at room temperature in order to incorporate cobalt into
the ZIF-8 structure. A very important property of the new, bimetallic Co/Zn-ZIF is its
excellent stability in aqueous solutions, which is a crucial factor for any material used
in photodegradation processes. Less than three hours of irradiation in the presence of
Co/Zn-ZIF is required to remove almost 100% of the dye. Due to the fact that hydroxyl
ions facilitate the generation of hydroxyl radicals, which are behind the indigo carmine
decomposition, the catalytic activity of a MOF is higher in an alkaline environment.

Two H2L (5-(4-(imidazolyl-1-yl)phenyl) isophthalic acid)-based Co(II) MOFs–[Co(L)(tib)(H2O)2]n
and [Co(L)(bip)0.5]n (tib = 1,3,5-tris(1-imidazolyl)benzene; bip = 3,5-bis(1-imidazolyl)pyridine
ether) were obtained under solvothermal conditions and utilized in methylene blue as well
as methyl violet removal [74]. With the use of the first material, within two hours of UV
irradiation the degradation rates toward methylene blue and methyl violet were 75.2% and
92.1%, while for the second Co-MOF were 57.7% and 89.7%. Behind the great photocatalytic
properties of [Co(L)(tib)(H2O)2]n and [Co(L)(bip)0.5]n, are, respectively, a 2D stacking struc-
ture and a macroporous structure, since they allow more active sites to be exposed. As a
consequence, multiple free radicals, which take part in the decomposition of dye molecules,
are formed. In addition, both materials were examined for reusability in the elimination of
methyl violet, for which a slight decline (from 92.1% to 91.5% for [Co(L)(tib)(H2O)2]n and
from 89.7% to 88.9% for [Co(L)(bip)0.5]n) in photocatalytic performance was observed after
three recycles.

Methylene blue, methyl violet, and rhodamine B can also be decomposed by the
novel, solvothermally synthesized Co-based MOFs – [Co4(bbibp)5(HCOO)8(H2O)2]n and
[Co(bimmb)(NO3)2]n (bbibp = 4,4-bis(imidazol-1-yl)biphenyl; bimmb = 1,4-bis(imidazol-1-
ylmethyl)benzene) [75]. After 75 min of UV irradiation, almost 100% of methylene blue,
49.2% of methyl violet, and 39% of rhodamine B were degraded using the first MOF. For the
second material, the degradation rates of these dyes were as follows: 94%, 68.7%, 64.4%.
The highest photocatalytic activity toward methylene blue may arise from the differences
in the sizes of dye molecules, as due to the smaller molecule, more interactions between
active sites and targets could occur. As stability is an important factor when photocatalysts
are considered for industrial applications, MOFs have been reused in methylene blue
degradation. The differences in their activity are almost imperceptible, therefore they can
be successfully used in the photocatalytic degradation of dyes.

Cobalt(II) salt and H3L (5-fluorine-3-(3,5-dicarboxylphenoxy)benzoic acid) in the pres-
ence of bib (1,1′-(1,4-butanediyl)bis (imidazole)) linker were substrates in the preparation
of tetranuclear [Co4(µ3-OH)2(H2O)2(L)2 (bib)1.5(CH3CN) × 3H2O × CH3CN] as well as
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[Co8(µ3-OH)4(L)4 (bib)4 × 8CH3CN] MOFs. Both materials are characterized by unique 3D
Co-based frameworks, which are the result of the syntheses carried out under different tem-
peratures. These MOFs have been applied as photocatalysts for the removal of methyl violet,
whose degradation rates after 100 min of UV irradiation were 67.99% and 78.22%, respec-
tively [76]. Despite identical conditions, differences caused by dissimilar photosensitivities,
electron communication properties, or band gaps can be noticed. [Co8(µ3-OH)4(L)4(bib)4
× 8CH3CN] emerged as a better photocatalyst. Furthermore, it can be recycled and used
multiple times, since there is only a little decrease in its photocatalytic activity.

CUST-501–[Co2(H2O)(tfBDC)2(Phen)2] (tfBDC = tetrafluoroterephtalic acid; Phen
= 1,10-Phenanthroline monohydrate) is another MOF that has been used to eliminate
dyes such as rhodamine B from water [77]. Its role as a catalyst is based on activating
peroxymonosulfate (HSO5

−) under UV irradiation, which triggers the generation of free
radicals (SO4

•−) (Figure 3). A total of 100% of rhodamine B was degraded in about
15 min, which indicates that CUST-501 has potential in water treatment. Additionally,
the photocatalyst shows unchanged efficiency after two recycling cycles.
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The effective photodegradation of methylene blue and methyl violet under UV ir-
radiation has been achieved with the use of hydrothermally obtained {[Co(tib)2(bimb)2]
× 4H2O}n and {[Co2(bipa)4(bibp)6]}n (tib = 3-((4-(1H-1,2,4-triazol-1-yl)benzyl)oxybenzoic
acid; bimb = 1,4-bis(imidazole-1-ylmethy)benzene; bipa = 2-(4-carboxy-2-nitrophenoxy)-6-
nitroterephtalic acid; bibp = 4,4′-bis(imidazolyl)biphenyl) [78]. The first MOF contributed
to the decomposition of 92.1% and 89.3% of methylene blue and methyl violet in two hours,
whereas for {[Co2(bipa)4(bibp)6]}n the results were as follows: 92.8%, 93.7%. The high
degradation rates arise from the specific structure of the materials. Concurrently, these
MOFs possessed a 3D layered stacked structure, as the 2D→3D structure enabled forming
a 2D sheet structure when the photocatalytic process occurs. Thus, exposing the active sites
is simpler than with the standard interpenetrating 3D structure.

DABCO (1,4-diazabicyclo [2.2.2] octane) was used as a linker in the synthesis of
yet another Co-MOF, which was subsequently encapsulated with methyl orange (MO)
and methylene blue (MB) to obtain two composites—MO@Co-MOF and MB@Co-MOF.
The effectiveness of all materials in the degradation of Eriochrome Black T under visible
light was compared [79]. For Co-MOF, MO@Co-MOF, and MB@Co-MOF the photocatalytic
efficiencies after four hours reached 78.9%, 92.0%, and 99.7%. The dyes loaded onto Co-
MOF serve as an antenna that strongly captures the light. Moreover, they not only act as
photosensitizers but also as electron donors for the Co-MOF photocatalyst. This results
in the separation of charge carriers at the interface between sensitizer and photocatalyst.
MB@Co-MOF was subjected to five recycles in order to check its reusability and photosta-
bility. A slight decrease (to 95.2%) in photoactivity was observed, which is caused by the
small composite loss.
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Hydrothermal synthesis was conducted to obtain 3D Co(II) MOF–[Co(L)0.5(OBA)]n,
based on H2OBA (4,4′-oxybis(benzoate)) and L (1,6-bis(5,6-dimethylbenzimidazolyl)hexane)
ligands. This material has been utilized in methylene blue degradation, 93.8% of which was
eliminated from water solution after 135 min of visible light irradiation [80]. The reaction
mechanism involved inducing OBA2− and L ligands to generate N-Co and/or O-Co charge
transfer. As a result, photoinduced electrons from HOMO were transferred to LUMO. Re-
turning to a stable state requires the delivery of an electron, which was obtained from H2O.
In the meantime, the electron present in LUMO reduced O2 in water to •O2

−, which after-
ward reacted with H+. Hydroxyl radical formed from both H2O and •O2

− is responsible
for methylene blue photodegradation.

Anchoring trimetallic Cu-Co-Ni nanoparticles via direct impregnation onto amino-
modified MOF–MIL-101(Fe) was applied to synthesize catalyst NH2-MIL-101(Fe)@CuCoNi,
eliminating dyes such as methyl blue and crystal violet from wastewater [81]. The two-
hour continuous visible irradiation enabled the achievement of 99% and 93% dye removal
rates, respectively. The composite retained the 83.1% degradation efficiency toward methyl
blue and over 90% toward crystal violet, even after being reused five times. NH2-MIL-
101(Fe)@CuCoNi displayed a higher rate of light utilization in addition to catalytic activity,
compared to MIL-101(Fe) and NH2-MIL-101(Fe). The proposed mechanism of methyl blue
degradation is based on its transition to the excited state (MB*) in an acidic environment
(Figure 4A). Electrons were transferred by MB* to the Cu-Co-Ni nanoparticles’ or NH2-
MIL-101(Fe) conduction bands. Due to the formed heterojunction, electrons from the
conduction bands of Cu-Co-Ni nanoparticles and photogenerated electrons were moved
to NH2-MIL-101(Fe) reducing Fe3+ ions to Fe2+. Moreover, the leaching of Cu2+ ions also
resulted in their reduction to Cu+. This synergistic effect favours the generation of •OH.
In the valence bands of Cu-Co-Ni nanoparticles, the reaction of the water molecule with
the holes (h+), formed by the constant electron irradiation, was carried out to produce
•OH. The degradation mechanism of crystal violet in a weakly alkaline environment was
similar (Figure 4B). Oxygen adsorbed on the NH2-MIL-101(Fe) was converted by Fe2+ and
Cu+ ions into •O2

−. Additionally, holes that possessed oxidizing abilities mineralized dye
molecules straightaway.
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In this subsection, photocatalytic degradation as an effective strategy to remove dyes
from the water is presented. Cobalt-based MOFs were willingly applied as catalysts in this
process due to their efficiency, in addition to their high reuse potential. Organic pollutants
such as methyl orange, methyl blue, methylene blue, methyl violet, or rhodamine B are
most often subjected to photodegradation under light irradiation. With the use of Co-
MOFs, the degradation yields frequently exceed 90%, even during a short reaction time,
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hence these materials show great potential in the elimination of various contaminants from
water solutions (Table 1).

Table 1. Examples of Co-based MOFs used in the photocatalytic degradation of various dyes.

Photocatalyst Dye Photodegradation
Efficiency (%) Time Ref.

ZIF-67 Methyl orange ~88 1 h [70]

ZIF-67(Ar)
Methyl blue 85.7 1 h

[71]Rhodamine B 54.8 1 h

ZIF-67@CoWO4@CoS Methylene blue ~100 10 min [72]

Co/Zn-ZIF Indigo carmine ~100 ~3 h [73]

[Co(L)(tib)(H2O)2]n
Methylene blue 75.2 2 h

[74]Methyl violet 92.1 2 h

[Co(L)(bip)0.5]n
Methylene blue 57.7 2 h

[74]Methyl violet 89.7 2 h

[Co4(bbibp)5(HCOO)8(H2O)2]n

Methylene blue ~100 75 min
[75]Methyl violet 49.2 75 min

Rhodamine B 39 75 min

[Co(bimmb)(NO3)2]n

Methylene blue 94 75 min
[75]Methyl violet 68.7 75 min

Rhodamine B 64.4 75 min

[Co4(µ3-OH)2(H2O)2(L)2 (bib)1.5(CH3CN) ×
3H2O × CH3CN] Methyl violet 67.99 100 min [76]

[Co8(µ3-OH)4(L)4 (bib)4 × 8CH3CN] Methyl violet 78.22 100 min [76]

CUST-501 Rhodamine B 100 15 min [77]

{[Co(tib)2(bimb)2] × 4H2O}n
Methylene blue 92.1 2 h

[78]Methyl violet 89.3 2 h

{[Co2(bipa)4(bibp)6]}n
Methylene blue 92.8 2 h

[78]Methyl violet 93.7 2 h

MO@Co-MOF Eriochrome Black T 92 4 h [79]

MB@Co-MOF Eriochrome Black T 99.7 4 h [79]

[Co(L)0.5(OBA)]n Methylene blue 93.8 135 min [80]

NH2-MIL-101(Fe)@CuCoNi
Methyl blue 99 2 h

[81]Crystal violet 93 2 h

3. Photocatalytic Reactions with Water
3.1. Photocatalytic Water Oxidation

The oxidation of water, also known as the oxygen evolution reaction (OER), is a high
energy barrier process that requires the transfer of four electrons. It can be triggered
electrochemically or by the use of light. In the photo-driven water oxidation (PWO),
the appropriate photosensitizer, catalyst, and sacrificial electron-hole donor are necessary.
The purpose of PWO is to artificially mimic photosynthesis, the reactions of which occur
on the surface of photocatalytically active materials [82]. The photocatalyst acts as a
semiconductor that absorbs light and transfers solar energy to break chemical bonds
in H2O. This leads to the generation of the active oxygen species (O•), hydroperoxy
species (OOH), and/or metal species (M–O•) at the active metal sites of the catalyst.
During this process, oxidation of water with subsequent conversion to O2 takes place,
which in acidic media can proceed as follows: 2H2O → O2 + 4e− + 4H+ and in the
basic conditions: 4OH− → O2 + 4e− + 2H2O. The oxidation process is also determined
by light absorption, charge separation, and catalytic reaction on the surface. The most
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popular heterogeneous photocatalysts applied in PWO are TiO2, BiVO4, WO3, and α-
Fe2O3. However, they encounter challenges related to the impaired four-electron migration
kinetics, low light absorption, self-oxidation poisoning by photogenerated holes, and easy
recombination of photogenerated charge carriers [83–87]. Hence, there is a great need for
novel, highly active, reusable, and stable photocatalysts [10]. In the design of materials
catalysing oxygen generation, it is important to develop strategies that can suppress
recombination of electron-hole pair and photocorrosion of catalysts. The synthesis of
composites characterized by high stability and the optimization of the catalytic reaction
conditions allows photocatalysts to be protected against radiation damage [88,89]. When
combining diverse materials, the different positions of the conduction and valence bands
should be considered. Proper tailoring of the composite can affect the separation efficiency
and the recombination rate of electron/hole pairs. In this case, cobalt acts mainly as a
co-catalyst aiming to activate the other material with a wide band gap via accumulation of
e− and h+ [90,91]. In addition, cobalt as a dopant in MOFs tends to lower the overpotentials
of the water oxidation process [92]. However, during the enrichment of the materials with
cobalt species, the prevention of its leaching or inhomogeneous distribution should be
taken into account.

MOFs are becoming increasingly popular in photocatalytic water oxidation due to the
presence of linkers, capable of absorbing radiation as well as metal nodes that can act as
catalytically active sites [51,93–95]. Cobalt-based coordination complexes with organic lig-
ands have been intensively studied in photocatalytic water oxidation in the last decade [96].
For instance, [CoII(Me6tren)(OH2)]2+ (Me6tren = tris(N,N′-dimethylaminoethyl)amine),
[CoII(12-TMC)]2+ (12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane),
and [CoIII(Cp*)(bpy)(OH2)]2 (Cp* = η5 pentamethylcyclopentadienyl) were tested to
evolve O2. However, such complexes were more likely to produce CO2 rather than O2.
This was caused by the oxidation of organic ligands and complex decomposition. Hence,
cobalt complexes acted more as pre-catalysts, converting into catalytically active Co(OH)x
nanoparticles [97]. Although there are reports suggesting ligand modification to stabi-
lize Co-based complexes [98], MOFs have begun to displace them due to their unique
properties. The far-reaching symmetry and iterative structure of MOFs, as well as their
large specific surface area and increasing stability, have led to greater interest in their
photocatalytic application [99].

A good example of a highly stable MOF, which revealed excellent photocatalytic
water oxidation performance, is MAF-48 (MAF = metal–azolate framework), also known as
Co4-bdt [Co8(OH)4(H2O)2(bdt)6] (bdt = 1,4-benzenedi(1H-1,2,3-triazole)). The reaction was
proceeded under visible light (450 nm) in the presence of photosensitizer [Ru(bpy)3]SO4
(bpy = 2,2′-bipyridine) and sacrificial electron acceptor NasS4O8. It was found that MAF-48
exhibits better performance in water oxidation than other known heterogeneous catalysts.
Its TOF and TON were recorded to be 3.05 s−1 and 1.2 × 106, respectively [100]. TOF value
is higher in comparison to those noted for Co3-in (Hin = isonicotinic acid), Co2-bbta (bbta
= 1H,5H-benzo-(1,2-d:4,5-d′)bistriazole), Ni-bdt, Co-dobdc (H4dobdc = 2,5-dihydroxyl-
1,4-benzenedicarboxylic acid), and Co-mim (Hmim = 2-methylimidazole). In the case of
cobalt ions, by increasing the coordination number of the hydroxide ligand, the catalytic
performance improves. Isotope tracing experiments helped to explain the role of µ4-OH−

in MAF-48 during the process of water oxidation. It was shown that the bridging OH−

participate in the reaction, creating an oxygen vacancy that acts as a catalytic active centre,
capping four coplanar cobalt ions (Figure 5). However, not all oxygen atoms from the
Co4 cluster are simultaneously involved in the reaction. Moreover, oxygen coordinated on
the Co4 is replaced by water molecules before O2 generation. Interestingly, the MAF-48
remains unchanged during and after the photo-driven reaction of water oxidation [100].
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A popular approach to enhance the efficiency of photocatalytic reactions is to enrich
MOFs with cobalt [101]. For instance, a non-cobalt MOF, MIL-101(Cr) (MIL = Materi-
als Institute Lavoisier) was impregnated with Co(NO3)2 as a precursor for cobalt oxide.
The resulting photocatalytically active composite was coupled with [Ru(bpy)3]2+ in order
to be sensitized. A MOF with immobilized cobalt oxide nanoparticles exhibited high stabil-
ity in PWO, and neither leaching nor aggregation of the particles was observed during the
process. The catalyst indicated a TOF of 0.012 s−1 per cobalt atom in photocatalytic water
oxidation, which is nine times higher than the TOF of corresponding Co3O4 without MOF
support. However, the activity of the composite contributed to different cobalt species
in the framework i.e., Co3O4, Co(NO3)2, and Co(OH)2 (molar ratio 77:17:6), which were
established via XPS analysis. As a result, the prepared composites often varied in cobalt
amounts, ranging from 1.4 to 4.9% wt. [102].

A POM@MOF composite was one of the first systems for oxygen evolution with
the stable incorporation of two main components of photocatalysis (photosensitizer and
catalyst) within the MOF. Paille and co-workers [103] prepared MOF-545 with sandwich-
type polyoxometalate (P2W18Co4) for visible light-driven water oxidation at pH 8, in the
presence of a Ru-based molecular photosensitizer. MOF-545 is made of Zr-oxide clusters
and porphyrin moieties linkers known for their light-harvesting abilities, thereby reaction
proceeded rapidly after light exposure (TOF = 0.04 s−1). The DFT calculations suggested
that the active Co–OH2 sites are accessible at the MOF-POM interface, and they are located
in a hydrophilic catalytic pocket, ideal for the transfer of protons and H2O molecules.
The same group synthesized POM@MOF composite in the form of thin films, which even
further enhanced catalytic activity in water oxidation. The main goal was to achieve a high
activity in oxygen evolution without the presence of noble metals, along with maintaining
robustness and recyclability. The MOF acted again as a light-sensitive host for cobalt
catalysts entrapped within the framework. The cobalt-based POM (P2W18Co4) with MOF-
545 were deposited on the indium tin oxide using various techniques such as drop-casting
(DC) and electrophoresis (EP). It was confirmed that thin films are more effective in the
water oxidation than the composite illuminated in suspension, with the following activity
(TON): DC (1600) > EP (403) > suspension (75). Additionally, the films do not need to be
centrifuge for reuse, hence there is no potential loss of material [104].

Another interesting example of a catalyst for water oxidation is MIL-101(Fe)
encapsulated with cobalt-based polyoxometalate materials (POMs) i.e., Co2 and Co4
([CoIICoIIIW11O39(H2O)]−7, [Co4(PW9O34)2(H2O)2]−10). POM@MOF composites revealed
a non-leaching effect, which happens often in the case of MOFs doped with a single metal,
cobalt oxides, and hydroxides. Moreover, POM@MOF showed significant structural stabil-
ity and remarkable reusability without loss of activity in photocatalytic water oxidation.
In the light-driven process, the composite acted as a light-harvester in the presence of the
photosensitizer. The enhanced photocatalytic activity of Co2 and Co4 can be related to the
precise embedding of the POMs in the MOF and stabilization by electrostatic interactions.
Adequate encapsulation of the POMs in the MOF cavities is only possible through an
in situ reaction. More precisely, the POMs (25; 29 Å) must be smaller than the cavities
but larger than the MOF window size (5.5; 8.6 Å). The combination of the two materials
enabled effective oxidation of water because of the efficient ability of the POMs to separate
electrons and holes. In the case of POMs, electrons are promoted to the sacrificial electron
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acceptor (Na2S2O8) via a photosensitizer, but the performance of this promotion is en-
hanced due to better absorption of visible light caused by the presence of MOFs. Moreover,
the light absorption is higher for the composite than for the MOF alone, indicating that the
combination of these materials increases their effectiveness in OER [101].

MOFs can create core-shell structures, as in Co-MOF-74@ZIF-67 catalysts via ligand
exchange. While both MOFs consist of cobalt in nodes, they differ in linkers: ZIF-67
has 2-methylimidazole and Co-MOF-74 contains 2,5-dihydroxyterephthalic acid. ZIF-67
constitutes the core of the material and through controlled ligand exchange, it was possible
to build Co-MOF-74 on its surface, which formed the shell (Figure 6). During the core-
shell formation, it was feasible to control the thickness of the outer MOF layer from 10 to
50 nm. The composite showed high oxygen evolution potential during water oxidation at
pH 9.0 under visible light (420 nm). Moreover, it was recycled up to five times without a
significant decrease in its activity. The oxygen generation efficiency was found to be for
ZIF-67-9.8 µmol, and for Co-MOF-74-11.8 µmol, respectively. Combining the materials and
using the system with the thickest shell resulted in 15 µmol of O2 evolution. Attempts to
increase the thickness of the shell by decreasing the molar ratio of ZIF-67 to the modifier led
to the disintegration of particles morphology and amorphous bulk crystals were formed.
However, this procedure can be extended, and different tricarboxylic linkers could be used
to build up the shells of other types. It indicates that the presented method has a chance for
further development in the light-driven oxygen evolution [105].
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Saliba et al. [106] prepared a nanometric (300 nm) ZIF-67 for oxygen evolution. They
investigated the effect of pH and catalyst concentration on the catalytic activity of MOF
in the oxidation of water. ZIF-67 acted as an electrocatalyst, accepting electrons from
the photosensitizer [Ru(bpy)3]2+. The system was tested in a wide pH range from 2.1
to 13.1, in which the catalyst maintained a stable current density and thus remained
active. The highest concentration of evolved O2 was 117.2 µmol, with a high reaction
rate (TOF = 0.035 s−1) at a basic pH (9.0). It was observed that increasing the amount
of MOF decreased its catalytic activity. It is worth noting that unmodified ZIF-67 is
unstable in aqueous solutions [107], where hydrolysis of coordination bonds between
nodes and linkers may occur. Therefore, the catalytic activity of ZIF-67 in aqueous solutions
should also be ascribed to the released cobalt moieties. To stabilize ZIF-67, it can be
modified [108], embedded on a suitable substrate [109], or doped with heteroatoms [110].
Ultrathin ZIF-67 nanosheets introduced on the α-Fe2O3 hematite photoanodes can also be
utilized as a catalyst for photoelectrochemical water oxidation (Figure 7). The cobalt cations
present in ZIF-67 were ideal for the hole storage capability and effective charge transfer.
It was the result of the high surface capacitance and very low surface charge transfer
resistance. Additionally, MOF had a high amount of unsaturated Co–Nx, which provided
chemisorption of oxygen species such as OH and OOH, and intense oxygen evolution [111].
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Dong et al. [112] reported a unique core-shell structure, synthesized using Co-Co
Prussian blue (PB), an archetype of MOF characterized by a nanocubic structure. It consists
of cyanide ligands (–CN–), coordinated octahedrally with transition metal ions. Co-Co/PB
was applied as a precursor for CoP/NC–a cobalt(II) phosphide embedded in nitrogen and
carbon matrices and prepared via phosphidation pyrolysis. The material obtained was
distinguished by a core-shell CoP@CoOx structure, which ensured the electron transport
under light irradiation (460 nm) for oxygen evolution. The amount of 4.5 mg of the catalyst
exhibited the best performance at pH 8, yielding 901.5 mmol g−1 h−1 of the O2.

Similar to MOFs are metal–organic cages (MOCs), which are also composed of
metal nodes and organic linkers but form supramolecular coordination complexes with-
out long-range ordering. The highly catalytically active sites in MOC-1 i.e., Co–O and
bis(µ-oxo)dicobalt sites, showed potential for photoinduced water oxidation under visible
light (470 nm LED lamp), in the presence of a photosensitizer [Ru(bpy)3]Cl2 and Na2S2O8 as
the electron scavenger [113]. It was proved that the process is initiated through the transfer
of electrons from excited Ru(bpy)]2+* to Na2S2O8. Subsequently, electrons originating from
bis(µ-oxo)dicobalt and Co–O sites of MOC-1 are accepted by the oxidized [Ru(bpy)3]3+,
which facilitates water oxidation. The cobalt-based MOC-1 exhibited high stability and
reusability, with only 1.85% of Co leaching out after the process. In comparison to other
MOCs, such as MOC-2, MOC-3, MOC-4, the presence of both cobalt active sites in MOC-1
provided the best oxygen evolution rate (80.4 mmol g−1 h−1), showing their necessity for
superior efficiency for superior efficiency [114].

3.2. Photocatalytic Water Splitting

Water splitting is a process of evolving hydrogen and oxygen (2H2O→ 2H2 + O2),
the main purpose of which is to achieve scalable and cost-viable solar hydrogen production
(Figure 8). In recent years, interest in this process has been growing has it does not generate
greenhouse gases. One of the main approaches for water splitting and the generation of
H2 is to use photocatalysts with appropriate thermodynamic potential, a narrow band
gap to harvest light, and an indication of resistance to photocorrosion [115]. Therefore,
to enhance the efficiency of photoelectrocatalytic (PEC) water splitting, co-catalysts on
semiconductors are often used. They not only provide additional catalytically active sites,
but also facilitate redox reactions by suppressing charge recombination and unwanted
reverse reactions [116]. At the moment, the quantum efficiency of current photocatalysts is
usually less than 10%. There are reports of external quantum efficiencies up to ca. 96% [117],
but these are rarely reproduced. Effective photocatalytic water splitting requires complex
semiconductor systems coupled with catalysts operating in a broad light spectrum.
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In recent years, cobalt-based co-catalysts for water splitting i.e., Co(OH)2, CoP, Co3O4,
Co3N, CoSe2, and Co(Sx), have been appreciated for their high activity, low price,
and robustness [90]. In the case of Co-MOFs, the stability and costs are mainly deter-
mined by the organic linkers. The linker synthesis is often complex, and they can decom-
pose at high temperatures or diffuse out of the material in poorly chosen solvents [118].
When considering Co-MOFs as photocatalysts for redox reactions, in addition to stability,
they should have a higher work function than n-type semiconductors. Due to the low Fermi
level of the Co-based photocatalytic system, the induced electric field has to form a Schottky
junction [90]. This is a potential barrier at the metal-semiconductor interface. MOFs can
behave similar to microporous semiconductors that exhibit charge-separated states when
exposed to light [119–121]. In the design of catalysts for hydrogen generation, as for the
oxygen evolution process, it is necessary to ensure their protection against photocorrosion
by composite formation or material coating. Moreover, it has been established that the
materials for water splitting, should cover a range of potentials for oxidation (+1.23 V) and
reduction (0 V) of water, with respect to the normal hydrogen electrode (NHE). However,
if the goal is mainly the hydrogen generation, it is important to focus on the selectivity of
the catalyst [115]. One such method is the creation of ternary catalysts e.g., Co-MOF based
Co/CoN/Co2P or NiCo2S4/ZnIn2S4/Co3O4 composites [122,123]. Ternary photocatalysts
are composed of three different materials that complement each other and generate multi-
photon excitations. They can also utilize the heterojunction to drive electronic processes in
the desired direction. In this way, photoexcitation of localized electronic states to achieve
improved selectivity can be attained. On the technical side, the design and selection of
the photoreactor have a major impact on selectivity of the process. Recently, the monolith
reactor has attracted attention, instead of slurry, fluidized, fixed bed and optical fiber
reactors. This is mainly characterized by a larger irradiation area and the use of photon
energy, which increases hydrogen production [115].

While broadening the absorption spectrum of MOFs for more efficient light-harvesting
is still in its infancy, one of the first approaches to achieve this was to exploit the energy
transfer between ZIF-67 and the sensitizing chromophore RuN3 (cis-diisothiocyanato-
bis(2,2′-bipyridyl-4,4′-dicarboxylic acid) ruthenium(II)). Yang et al. [124] synthesized a
ZIF-67 film with a UV-Vis spectrum containing spin-allowed d-d transition band at 585 nm.
In turn, for the obtained RuN3@ZIF-67 composite, additional absorption bands at 385 and
535 nm were noticed. Moreover, the energy transfer from the excited photosensitizer to the
MOF occurs with an efficiency of ~87%. Such a system resulted in enhanced photoinduced
absorption and ground state bleach recovery and, hence, ultimately led to an increase in
water splitting and H2 evolution (48.5 µmol g−1). It is worth noting that the induction
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period for Co-MOFs was observed similarly to other photocatalytically active materials
for hydrogen generation. The induction period is the reaction time window needed for
hydrogen evolution. Depending on the catalyst and reaction conditions, the processes may
differ in terms of hydrogen generation time. For RuN3@ZIF-67, the induction period was
two hours before H2 evolution commences, thereby it can be considered as a limitation
because it extends the process time.

ZIF-67 has been further investigated in sensitizing systems, but revealed better per-
formance after specific modifications i.e., oxidation (O-ZIF-67), phosphating (P-ZIF-67),
and sulfidizing (S-ZIF-67). ZIF-67 is known for its polyhedral particle morphology. Inter-
estingly, each modification did not result in the loss of polyhedron shape. The modified
ZIF-67 samples were characterized by increased catalytic activity in the process of hy-
drogen generation compared to unmodified ZIF-67. It was found that linkers can hinder
the absorption of H+ at the cobalt metal centres, thus their isolation can lead to a better
catalytic performance. Taking P-ZIF-67 as an example, it is shown that free electron pairs
are present in Co atoms (3d orbital) and P atoms (3p orbital), ensuring easy electron transfer
and protons absorption from the excited water molecules. At the same time, electrons
can flow from the photosensitizer to the Co atoms, while P atoms absorb electrons from
Co due to their stronger electronegativity. This resulted in increased electron density
around the P and Co atoms, and the bi-active sites further boosted proton uptake and
hydrogen production [125].

Gascon and co-workers [126] presented another way to significantly improve the
catalytic activity of NH2-MIL-125(Ti) in the generation of hydrogen via its doping with
cobalt species. The modification led to a 20 times more effective catalytic process compared
to the pristine MOF, resulting in an external quantum efficiency of 0.5%. It was suggested
that cobaloxime is formed within the porous framework, although the specific structure
of the cobalt species has not yet been elucidated. Meanwhile, the proposition mechanism
was presented as follows: (i) at first, the linkers absorb photons, (ii) then, charge separation
occurs to generate Ti3+, (iii) finally, a hole is generated in the linker. The electron deficiency
causes the linker to react with an electron donor (triethylamine) and at the same time
electrons are rapidly transferred to the cobalt. Consequently, it is reduced from CoIII to
CoII and becomes a highly active catalytic site, where H2 evolution occurs. Moreover,
the Co@MOF composite displayed high TOF stability (0.8 h−1) after 65 h of continuous use,
maintaining reusability without a significant decrease in the activity.

The nature of MOFs as coordination polymers forces researchers to increase their ther-
mal, pH, and solvent stability. In order to conduct catalytic reactions in aqueous solutions,
they must be stable in water, which has been ensured in the case of the largely porous (50.7%)
Co3-XL of formula {[Co3(µ3-O)(XL)3Cl3]OH × 11.5H2O}n. It is a MOF composed of cobalt
clusters [Co3(µ3-O)] and XL linker (N,N′-bicyclo [2.2.2]oct-7-ene-2,3,5,6-tetracarboxdiimide
bi(1,2,4-triazole)), rich in uncoordinated carbonyl oxygen atoms. The material is distin-
guished by the two-fold interpenetrated MOFs formed by linkage between the nodes of
the 6-c octahedral configuration and the catenated ligand. It results in two sets of identical
3D structures that are intertwined (Figure 9). Interestingly, Co3-XL proved to be capable
of adsorbing water vapor (192 cm3), which increases the contact area between the reagent
and the active sites in the water splitting process. MOF was additionally loaded with
Pt as a co-catalyst, which was able to capture photoelectrons with a narrow band gap
(1.82 eV). At the same time, ethanol served as a sacrificial agent to compensate for the
photogenerated holes. As result, Co3-XL showed H2 evolution of 23.05 µmol g−1 h−1,
with better photocurrent than a single ligand and maintained solvent stability [127].
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No need for co-catalyst or co-sensitizer has been demonstrated in the unique ultrathin
2D nanosheets consisting of ruthenium sensitizer incorporated in MOF crystals with
different inorganic building units. The sensitizing polypyridyl ruthenium complexes
have favourable HOMO/LUMO levels and long-lived excited states, which did not change
distinctly after incorporation into MOF. The MOF nodes were 3d transition-metal cations,
of which the best hydrogen evolution efficiency indicated Ni2+ and Co2+. In the case of the
Co-Ru system (Co0.5[Ru(tpyCOO)2]PF6), each Co cation coordinates with four carboxylate
groups from linkers and forms a distorted tetrahedral geometry. The ruthenium linkers
constitute a bridge between two metallic nodes, resulting in a 4-connected network with sql
topology and rhombohedral topology of the 2D network. Interestingly, the sheets exhibited
strong absorbance (480 nm) at acidic pH (3–5), which can be assigned to the metal-to-ligand
charge transfer. The reduction in protons and H2 evolution occurred through the excited
Ru linkers, yielding 589 µmol g−1 h−1 and 923 µmol g−1 h−1 of H2 for the Co-Ru and
Ni-Ru, respectively [128].

The great potential of MOFs and the methods available for their modification or en-
richment with other compounds have contributed to their use as precursors for novel pho-
toactive materials, for example, MOF-derived onion slice-type hollow cobalt sulfide nanos-
tructures. A Co-MOF, composed of cobalt nodes and isophthalic acid linkers, was used as a
template for the onion-like Co3O4, which was subsequently converted to Co4S3 and doped
with CdS nanoparticles. A MOF was utilized in this procedure due to its hollow structure,
which allows a huge volume/mass reduction in Co4S3 and onion slice shape formation.
It provided a shorter path for the mass and charge transport in the Co4S3/CdS composite
during the H2 evolution process. The composite generated a much higher amount of H2
(12,360 µmol g−1 h−1) than pristine CdS (450 µmol g−1 h−1) [129].

In the photocatalytic reactions of water oxidation and water splitting, the main ad-
vantage of cobalt in MOF systems is its versatility (Table 2). Cobalt tends to form multiple
oxo-clusters at nodes and has the ability to coordinate to various linkers forming unique
complexes and stable MOFs. The materials with Co can be catalytically active, serve as
semiconductors, or interact directly with solar energy as light-harvesters. Cobalt can be
a metal node, a co-catalyst, an additive that increases charge separation, or an atom that
acts as an electron transfer element to more catalytically active centres. Moreover, on the
basis of presented reports, it has been proved that Co-based MOFs become more stable and
can undergo many processes in aqueous solutions under various conditions. In addition,
Co-MOFs and the materials derived from them can be easily recovered from the reaction
system, which contributes to their high renewability.
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Table 2. Examples of Co-based MOFs, MOFs composites and MOF-derived materials used in the
photo-driven water oxidation (PWO) for oxygen evolution and photoelectrocatalytic (PEC) water
splitting for hydrogen generation.

Photocatalyst TOF; TON;
Generated Product Amount Ref.

Phodo-driven water oxidation

ZIF-67 TOF = 0.035 s−11 [24]

Co4-bdt TOF = 3.050 s−1 [100]

([CoIICoIIIW11O39(H2O)]−7@MIL-101 TOF = 0.48 s−1 [101]

[Co4(PW9O34)2(H2O)2]−10@MIL-101 TOF = 0.53 s−1 [101]

Cox/MIL-101 TOF = 0.012 s−1 [102]

P2W18Co4@MOF-545 TOF = 0.040 s−1 [103]

P2W18Co4@MOF-545 film TON = 1600 [104]

ZIF-67 9.8 µmol of O2 [105]

Co-MOF-74@ZIF-67 15.0 µmol of O2 [105]

Co-MOF-74 11.8 µmol of O2 [105]

CoP@CoOx 901.5 mmol g−1 h−1 of O2 [112]

Photoelectrocatalytic (PEC) water splitting for hydrogen generation

ZIF-67 film 48.5 µmol g−1 of H2 [124]

Cox/NH2-MIL-125(Ti) TOF = 0.8 h−1 [126]

Co3-XL 23.05 µmol g−1 h−1 of H2 [127]

(Co0.5[Ru(tpyCOO)2]PF6) 589 µmol g−1 h−1 of H2 [128]

Co4S3/CdS 12 360 µmol g−1 h−1 of H2 [129]

4. Photocatalytic Carbon Dioxide Reduction

Carbon dioxide is one of the major greenhouse gases, the emission of which has been
attempted to be reduced for decades [130,131]. Industrialization has notably contributed
to the increase in the amount of CO2 in the atmosphere. Agriculture, transport, energy,
and buildings are the main sources of CO2 emission. Despite many warnings, fossil fuels
continue to be burned extensively. Even though restrictions have been implemented glob-
ally, a significant reduction in CO2 generation is far on the horizon [132–134]. Thereupon,
efforts are being made to develop an efficient process for its conversion [135]. Photocatalytic
reduction of CO2 seems to be an ideal solution, wherein this gas is captured and then con-
verted into high-value compounds [136]. From a thermodynamic perspective, CO2 energy
grade is low, therefore its conversion requires an energy contribution [137]. In the ongoing
research on photocatalytic CO2 reduction, the main concern is the unsatisfactory reaction
efficiency and the low selectivity of the obtained products. Moreover, in CO2 reduction,
there is a high probability of water reduction and H2 evolution, which is a competing pro-
cess. Regarding the fact that carbon in CO2 is in the highest possible oxidation state, it can
be reduced to many different products (Figure 10). These are predominantly compounds
with one carbon atom, such as CO, CH4, CH3OH, HCHO, and HCOOH. Products with
two carbon atoms bonded (e.g., ethylene, acetylene, ethanol) are rare because it is difficult
to stabilize single carbon radicals [138,139]. MOFs address many problems associated
with photocatalytic processes due to their unique features. In the case of reaction with
gases, MOFs show high potential in CO2 capture [140]. If the high adsorption capacity
is properly coupled with the photoelectrocatalytic properties of MOFs, it can result in
high-performance materials [141]. The general mechanism of CO2 reduction with MOFs
proceeds in the following manner. In the beginning, light excites a photosensitizer, which
then undergoes reductive quenching by a sacrificial electron donor. The reduced photo-
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sensitizer donates its electrons to the MOF with adsorbed CO2. At this stage, the CO2 is
reduced to CO2*. Subsequently, the CO2* accepts protons generated from the decomposi-
tion of H2O and forms an COOH* intermediate to be further reduced to CO*. Then, CO* is
desorbed, resulting in the formation of CO [48].
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In the development of materials for CO2 reduction, systems capable of generating
multielectrons are required [90]. For a MOF as a catalyst, the LUMO must be above the
redox potential for the CO2 reduction half-reaction, which depends on the resulting product.
For by far the most common CO2-to-CO conversion via Co-based MOF photocatalysts,
the reduction potential is −0.53 V. By tuning the MOF composition, one can influence
the optical and electronic responses i.e., HOMO and LUMO energy levels. In addition,
the sorption capacity of the MOF is very important. Therefore, its textural parameters
(e.g., surface area, pore volume) and improved affinity towards CO2 (e.g., by amine func-
tionalities) must be attained in order to proceed efficient photoreduction [142]. For an
effective CO2 conversion process, accessibility to the active sites is vital, thus 2D nanosheet
MOFs with better exposed active sites are preferred. Defect engineering also contributes to
improved access to nodes. Furthermore, defects play an important role in the excited state
and charge relaxation pathways. Higher defect concentrations lead to longer excited-state
lifetimes. This is attributed to the trapping of electrons in oxygen vacancies and holes in
hydroxyl groups at the surface, which have been shown to play an important role in the
CO2 reduction mechanism [143]. The conversion of CO2 can often lead to the formation
of many products, but also to the generation of hydrogen from water. Therefore, it is
quite challenging to design a material that has high selectivity for a single product without
carrying out trial studies. The selectivity of Co-MOFs to receive one type of product in
excess is still unclear. It requires a combination of theoretical calculations and the compi-
lation of many parameters that represent a large system of variables during the process.
In general, for any cobalt-based semiconductor, it is important to study the light intensity
and photon energy, which must be applied to excite semiconductors. The photo-generated
electrons and holes affect the kinetics of the reduction rate and ultimately the product
selectivity. By attempting to select appropriate co-catalysts, it is possible to mitigate their
effect on selectivity. Additionally, a key step is the desorption of the product from the
material, which, if hindered, can result in low yields and poor selectivity. In photocat-
alytic CO2 conversion, it is necessary to couple a gas chromatography system equipped
with a thermal conductivity detector (TCD), a hydrogen flame ionization detector (FID),
and mass spectrometry to rigorously monitor the reaction products. By combining ex-
citation features, catalyst and co-catalyst band structures, charge separation efficiency,
and reactions on the material surface, it will be attainable to control product selectivity and
material efficiency [138].

Cobalt-based complexes e.g., cobalt(II) tripodal or tetradentate ligand complexes,
have been considered efficient catalysts of CO2 reduction with promising results in terms of
high selectivity (95–100%) [144,145]. Most importantly, MOFs are characterized by high CO2
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sorption capacities, which could be a key aspect for the implementation of these materials
on a larger scale. One of the highest CO2 adsorption capacities of 288 mg g−1 was reported
for Co-MOF-74 and attributed to its well-developed surface area of 1314 m2 g−1 [146].
Therefore, the photocatalytic activities of Co-MOFs were tested in CO2 reduction process.
For example, Co-based MOFs [Co2(µ-Cl)2(bbta)], [Co2(µ-OH)2(bbta)], [Co2(µ-OH)2(btdd)]
(H2btdd = bis(1H-1,2,3-triazolo-[4,5-b],[4′,5′-i])dibenzo [1,4]dioxin), and [Co2(dobdc)]
showed high photocatalytic efficiency in CO2 reduction. Co-MOFs with the µ-OH− ligands
adjacent to the open Co centres exhibited high selectivity to CO in the reaction under
visible light (420 nm). The ligands acted as hydrogen bond donors and stabilized the
primary Co–CO2 adduct. They also provided protons to enable C–O bond breaking. TOF of
[Co2(µ-OH)2(btdd)] had the highest value of 0.059 s−1, while maintaining high selectivity
toward CO up to 98.2% [147].

Ye et al. [148] reported two composites–ZIF-67 with Zn-MOF and a dinuclear cobalt-
complex [Co2(OH)L](ClO4)3 (L = N[(CH2)2NHCH2(m-C6H4)CH2NH(CH2)]3N) with Zn-
MOF. The zinc-based MOF was applied as a photosensitizer. The cobalt complex and ZIF-67,
both acted as co-catalysts present in the solution and accompanied the CO2 photoreduction
to CO (Figure 11). They increased the formation of CO and the selectivity over H2 evolution.
TONs and CO selectivity were 26.2, 78.9% for the bulk Zn-MOF and 68.7, 81.5% for Zn-
MOF/Co-complex. In the case of Zn-MOF/ZIF-67, values were the highest-117.8, 91.0%.
The photoelectrochemical impedance and photoluminescence studies suggest that the
increased catalytic activity comes from the improved charge-transport capability, enhanced
charge separation, and longer life duration of the photogenerated charge carriers.
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Porphyrin (POR) based MOFs with Co(II) as metal sites, showed 1.7 times higher
photocatalytic performance in the CO formation (0.4 µmol g−1 h−1) than corresponding
Ni-POR. The structure of porphyrin boosts the absorption of visible light, similar to an
antenna. Porphyrin units have the ability to propagate excitons and exhibit anisotropic en-
ergy transport across multiple struts from the originally excited strut [149]. The linkers are
responsible only for light absorption, and the catalytic performance depends solely on the
metallic Co nodes. The recombination rate of electron-hole pairs in Co-POR is lower than
in the Ni-based MOF. The cobalt metallic sites provide various electron traps, and they also
indicate higher CO2 adsorption energy of 17.92 kJ mol−1 (Ni-POR 16.37 kJ mol−1). Conse-
quently, CO2 was more easily activated to CO2* on the Co-POR, than on the Ni-POR [150].
Porphyrin-based MOF-525-Co with atomically dispersed Co catalytic sites showed great
enhancement of 3.13-fold in the evolution of CO (200 µmol g−1 h−1), and 5.93-fold in CH4
generation (36.67 µmol g−1 h−1) compared to the parent MOF. The pristine MOF-525 is
a Zr-based framework (Zr6O4(OH)4(TCPP-H2)3 with TCPP linkers [TCPP = 4,4′,4′’,4′”-
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(porphyrin-5,10,15,20-tetrayl)tetrabenzoate]. An increased CO2 reduction is related to the
stronger affinity toward gaseous adsorbates after the metallization of pristine MOF-525.
Interestingly, spectroscopic studies of single Co, MOF-525, and MOF-525-Co proved the
presence of unique Co–N species in the doped MOF. Visible-light irradiation induced
high-spin state CoII valence transformation to low-spin state CoI. It was also found, that the
coordination between the porphyrin ring and the Co sites most likely leads to efficient clo-
sure of the electron transfer channels from the porphyrin units to the Zr oxo-clusters [151].

A high TOF of 450 within 2.5 h upon conversion of CO2 to CO was observed for
Co-ZIF-9 with cobalt clusters as nodes, and benzimidazolate as a linker. The reaction took
place in the presence of [Ru(bpy)3]2+ as photosensitizer under visible light (420 nm). Co-
ZIF-9 exhibited catalytic activity in CO2 reduction immediately after synthesis. However,
the micropores blocked by solvent guest molecules make activation in a vacuum necessary
to increase channel accessibility. After opening the pores, the material can be applied in
CO2 capture, concentration, and conversion with an efficiency of 83.6 µmol h−1 of CO
evolution [152]. The catalytic activity of Co-ZIF-9 was further enhanced by integrating
MOF with graphitic carbon nitride (g-C3N4). The carbon material acted as a semiconduc-
tor photocatalyst, and MOF was a co-catalyst ensuring CO2 capture/concentration and
stimulating light-induced charge separation in CO evolution. The quantum yield of the
system under monochromatic light (420 nm) was 0.9%, with TON reaching a value of 35.
A significant increase in the efficiency of photocatalytic CO2 reduction was noticed when
various β-hydroxylated amines were added as electron donors. Among them, it was tri-
ethanolamine (TEOA) that caused the highest evolution of CO, indicating a strong influence
of steric hindrance even in the case of sacrificial electron donors in catalytic processes [153].

The Co-ZIF-9, being simultaneously a catalyst and a co-catalyst, supported CdS in
CO2 reduction and promoted electron transfer. The composite showed a high apparent
quantum yield (1.93%). In the proposed reaction mechanism, visible light generated
electron-hole pairs on the semiconductor. Then, the electrons migrated to the conduction
band of CdS and were transferred to the CO2 adsorbed by the MOF. Benzimidazole linkers
stabilized the CO2* intermediates, which during the continuous reduction and mediating
support of cobalt species formed CO [154]. Zhong and co-workers [155] described a PSM
of Co-MOF with a double-linker framework composition: 4,5-dicarboxylic acid and 4,4′-
bipyridine. The pristine Co-MOF revealed good catalytic activity in CO2 reduction but
with unsatisfactory selectivity. However, its performance was increased by a bimetallic
strategy, in which 2/3 of the Co(II) was replaced by Ni(II). Ultimately, the formation of
CO catalysed in the presence of the bimetallic MOF, reached up to 1160 µmol g−1 h−1.
The selectivity of the process toward CO was also excellent with 94.6% over H2.

A robust and low-cost catalyst was prepared by Lu and co-workers [156] via Co-MOF
2D layers carbonization with subsequent anchoring of single-Co(II) sites. The efficiency
of CO2-to-CO photocatalytic conversion was 222 times higher (464.1 µmol g−1 h−1) for
the composite than for the bulky Co-MOF. The reaction was carried out in a CH3CN/H2O
solution in the presence of TEOA as a sacrificial reducing agent. Tests of the photocurrent re-
sponse revealed intense current generation caused by light irradiation (420 nm). The energy
of photons triggered the migration of electrons to the surface of the composite, followed by
electron transfer to the active Co(II) sites with CO2 already adsorbed.

A similar efficiency of CO2 reduction but toward HCOO− generation (456 µmol g−1 h−1)
was achieved by the trinuclear CoIICoIICoII MOF with a band gap of 2.95 eV. The Co-MOF
[Co3(HL)2 × 4DMF× 4H2O] (H4L = 2′-amino-[1,1′:4′,1”-terphenyl]-3,3”,5,5”-tetracarboxylic
acid) exhibited CO2-reductive abilities in the presence of BNAH (1-benzyl-1,4-
dihydronicotinamide) as the electron donor. Photoinduced electron transition (PET)
was investigated, and single electron transfer was established in the trinuclear clusters.
One electron was transferred from [Ru(bpy)3]2+ to Co-MOF, as follows: [CoIICoIICoII] to
[CoICoIICoII] and from [CoICoIICoII] to [CoICoIICoI]. This dynamic trinuclear system acted
as the catalytically active sites responsible for CO2 reduction (Figure 12) [157].
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The rhombic dodecahedral ZIF-67 was applied as a co-catalyst to generate CO from
CO2. The reaction was conducted under visible light and in the presence of a typical
ruthenium-based photosensitizer. Surprisingly, CO2 reduction proceeded even with
the small amount of ZIF-67 (0.05 mg), resulting in the generation of 32.7 µmol of CO.
The material indicated TON of 112 for CO2 reduction after 30 min. To emphasize the
specific function of cobalt species spatially coordinated to imidazolate motifs to reduce
CO2, identical reactions were conducted with Zn-ZIF-8, Cu-HKUST-1, Zr-UiO-66-NH2,
and Fe-MIL-101-NH2. Other non-cobalt based MOFs were not photocatalytically active
in CO2 conversion, proving that cobalt sites are irreplaceable in photocatalytic electron
mediation [158]. The light-driven CO2 reduction in ZIF-67 was further investigated to
increase its effectiveness by using TiO2 as a shell. An amorphous TiO2 (a-TiO2) layer was
uniformly deposited on the MOF surface, which successfully prevented the photocorrosion
of ZIF-67. Moreover, the ZIF-67@a-TiO2 composite reduced CO2 to CO, giving 43.8 µmol of
CO after 4 h under light with 67.2% selectivity over H2. The hydrophilic properties of the
metal oxide caused the material to absorb H3O+, which decreased the competition between
CO2 and H3O+ adsorption on ZIF-67. The a-TiO2 layer improved the light-harvesting
efficiency by enhancing light scattering, but it also improved the charge transfer between
photosensitizer and MOF. In addition, the mesoporous properties of a-TiO2 facilitated mass
diffusion without impairing CO2 adsorption [159]. A remarkable result of a billion-fold en-
hancement in the conductivity of ZIF-67 composites with polypyrrole (PPy) was presented
by Peng and co-workers [160]. The morphology of ZIF-67 was controlled by modulating
the coordination during the stepwise addition of pyrrole monomers. PPy-reinforced ZIF-67
ensembles can be changed from rhombic dodecahedra to cubes. The obtained materials
exhibited high chemical stability with retained photocatalytic capabilities for CO2 reduction.
This high enhancement in the conductivity of PPy-ZIF-67 was attributed to the PPy polymer
network in the MOF and also on its surface. In the typical photocatalytic system with
[Ru(bpy)3]2+ and TEOA, the composite reduced CO2 and 59.42 µmol of CO was generated.
The increased efficiency compared to pure ZIF-67 is an outcome of the π-π interaction
between the polymer and the photosensitizer, which enhances the static electron transfer to
the catalyst. A charge transfer model was established, where light-induced electrons in the
photosensitizer hop to LUMO at 3.19 eV. Subsequently, electrons are delocalized from π*
orbital and transferred by PPy to the ZIF-67 conduction band at 3.76 eV. Since the ZIF-67
conduction band minimum (CBM) is higher than the redox potential of the CO2-to-CO
conversion (3.91 eV), the electron can easily participate in the photocatalytic reduction of
CO2 (Figure 13). Moreover, the catalyst was recycled 4 times, whereas ZIF-67 was applied
only once.



Catalysts 2022, 12, 110 21 of 32

Catalysts 2022, 11, x FOR PEER REVIEW 21 of 34 
 

 

The rhombic dodecahedral ZIF-67 was applied as a co-catalyst to generate CO from 
CO2. The reaction was conducted under visible light and in the presence of a typical ru-
thenium-based photosensitizer. Surprisingly, CO2 reduction proceeded even with the 
small amount of ZIF-67 (0.05 mg), resulting in the generation of 32.7 µmol of CO. The 
material indicated TON of 112 for CO2 reduction after 30 min. To emphasize the specific 
function of cobalt species spatially coordinated to imidazolate motifs to reduce CO2, iden-
tical reactions were conducted with Zn-ZIF-8, Cu-HKUST-1, Zr-UiO-66-NH2, and Fe-MIL-
101-NH2. Other non-cobalt based MOFs were not photocatalytically active in CO2 conver-
sion, proving that cobalt sites are irreplaceable in photocatalytic electron mediation [158]. 
The light-driven CO2 reduction in ZIF-67 was further investigated to increase its effective-
ness by using TiO2 as a shell. An amorphous TiO2 (a-TiO2) layer was uniformly deposited 
on the MOF surface, which successfully prevented the photocorrosion of ZIF-67. Moreo-
ver, the ZIF-67@a-TiO2 composite reduced CO2 to CO, giving 43.8 µmol of CO after 4 h 
under light with 67.2% selectivity over H2. The hydrophilic properties of the metal oxide 
caused the material to absorb H3O+, which decreased the competition between CO2 and 
H3O+ adsorption on ZIF-67. The a-TiO2 layer improved the light-harvesting efficiency by 
enhancing light scattering, but it also improved the charge transfer between photosensi-
tizer and MOF. In addition, the mesoporous properties of a-TiO2 facilitated mass diffusion 
without impairing CO2 adsorption [159]. A remarkable result of a billion-fold enhance-
ment in the conductivity of ZIF-67 composites with polypyrrole (PPy) was presented by 
Peng and co-workers [160]. The morphology of ZIF-67 was controlled by modulating the 
coordination during the stepwise addition of pyrrole monomers. PPy-reinforced ZIF-67 
ensembles can be changed from rhombic dodecahedra to cubes. The obtained materials 
exhibited high chemical stability with retained photocatalytic capabilities for CO2 reduc-
tion. This high enhancement in the conductivity of PPy-ZIF-67 was attributed to the PPy 
polymer network in the MOF and also on its surface. In the typical photocatalytic system 
with [Ru(bpy)3]2+ and TEOA, the composite reduced CO2 and 59.42 µmol of CO was gen-
erated. The increased efficiency compared to pure ZIF-67 is an outcome of the π-π inter-
action between the polymer and the photosensitizer, which enhances the static electron 
transfer to the catalyst. A charge transfer model was established, where light-induced 
electrons in the photosensitizer hop to LUMO at 3.19 eV. Subsequently, electrons are de-
localized from π* orbital and transferred by PPy to the ZIF-67 conduction band at 3.76 eV. 
Since the ZIF-67 conduction band minimum (CBM) is higher than the redox potential of 
the CO2-to-CO conversion (3.91 eV), the electron can easily participate in the photocata-
lytic reduction of CO2 (Figure 13). Moreover, the catalyst was recycled 4 times, whereas 
ZIF-67 was applied only once. 

 
Figure 13. Scheme representing (A) the band levels and electron transfer among the [Ru(bpy)3]2+ 
photosensitizer, ZIF-67@PPy co-catalyst, and CO2/CO redox pair. On the right (B) the photocatalytic 

Figure 13. Scheme representing (A) the band levels and electron transfer among the [Ru(bpy)3]2+

photosensitizer, ZIF-67@PPy co-catalyst, and CO2/CO redox pair. On the right (B) the photocatalytic
CO2 reduction process on the cubic ZIF-67@PPy composite in the presence of [Ru(bpy)3]2+ (Reprinted
with permission [160]. Copyright 2021 Elsevier).

Photocatalytic reduction of carbon dioxide is an immensely important research topic,
in which out of all MOFs, those based on cobalt are taking the lead. The Co active sites are a
much more cost-effective alternative to noble metals. Their coupling with the highly porous
structure of MOFs provides a promising base material for CO2 adsorption and reduction
(Table 3). Moreover, the extensive modification possibilities of MOFs contribute to highly
selective conversion of CO2, mainly to CO. The biggest limitation of cobalt-based MOFs is
that compounds with only one carbon atom are obtained after reduction of CO2. The main
challenge, which has not yet been overcome is to obtain more complex C–C compounds
such as hydrocarbons.

Table 3. Examples of Co-based MOFs used in the photocatalytic CO2-to-CO conversion.

Photocatalyst TOF; TON;
Generated Product Amount

Selectivity over H2
Evolution Ref.

[Co2(µ-OH)2(btdd)] TOF = 0.059 s−1 98.2% [147]

Zn-MOF/Co-complex TON = 68.7 81.5% [148]

Zn-MOF/ZIF-67 TON = 117.8 91.0% [148]

Co-POR 0.4 µmol g−1 h−1 of CO - [149]

MOF-525-Co 200 µmol g−1 h−1 of CO
36.67 µmol g−1 h−1 of CH4

- [151]

Co-ZIF-9 TOF = 450 within 2.5 h
83.6 µmol h−1 of CO - [152]

g-C3N4@Co-ZIF-9 TON = 35 - [153]

Cd@Co-ZIF-9 85.6 µmol of CO 91.2% [154]

Co1Ni2-MOF 1160 µmol g−1 h−1 of CO 94.6% [155]

Co-C3N4 464.1 µmol g−1 h−1 of CO - [156]

trinuclear CoIICoIICoII MOF 456.0 µmol g−1 h−1 of HCOO− 61 [157]

ZIF-67 TON = 112
32.7 µmol of CO - [158]

ZIF-67@a-TiO2 43.8 µmol of CO 67.2% [159]

PPy-ZIF-67 59.42 µmol of CO - [160]

5. Photocatalytic Oxidation of Organic Compounds

Recently, huge amounts of dangerous organic contaminants e.g., biphenyls or phenols
that are generated in diverse industries enter water reservoirs threatening wildlife and
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people. Due to the fact that these compounds are non-biodegradable and stable, photo-
catalytic oxidation processes as an effective method for eliminating resistant pollutants
are applied. Besides low energy consumption, mild conditions of the reaction, and broad
scope of applications, with this strategy organic contaminants can be decomposed into
biodegradable and less toxic molecules or mineralized into carbon dioxide and water.
Furthermore, photocatalytic oxidation may be utilized to obtain intermediates that are
subsequently used for synthesizing valuable compounds e.g., drugs [161]. Conducting the
reactions under light irradiation allows to avoid using high temperatures and consequently
unwanted by-products [162]. Cobalt-based MOFs display great photocatalytic performance
in oxidation reactions, which results from the activity of cobalt ions, thus they are readily
used [39]. The low selectivity is the main limiting factor that has an influence on reaction
efficiency. Despite putting great efforts into proving the feasibility, photocatalytic oxidation
of organic compounds is often a non-selective process. For this reason, it is crucial to apply
photocatalysts, such as Co-MOFs, to obtain products with high selectivity [163].

Hollow structural Co-MOF-74 (h-Co-MOF-74) possessing a thin shell (~50 nm) assem-
bled by ultra-small nanoparticles (8–18 nm) was synthesized and applied in thioanisole
oxidation to obtain methyl phenyl sulfoxide (a crucial intermediate for the pharmaceu-
ticals syntheses) [164]. This unique structure carries numerous benefits including high
specific surface area, abundant oxygen vacancies, improved ability of light absorption, and
easily accessible catalytic active sites. Owing to these properties, the full conversion of
thioanisole with 99% selectivity toward methyl phenyl sulfoxide was achieved in ten hours
under simulated sunlight irradiation. Almost identical results (99% conversion and 98%
selectivity) were obtained after the fifth reuse cycle. In addition, h-Co-MOF-74 has also
been used in the photocatalytic oxidation of 4-bromothioanisole, 4-fluorobenzaldehyde,
methyl p-tolyl sulphide, alongside 4-chlorothioanisole. For each of them, 100% conversion
to proper products and over 97% selectivity were observed.

Cobalt(II) was introduced into the metal–organic framework TMU-22(Zn) through
post-synthetic exchange, forming the mixed-metal TMU-22(Zn/Co) subsequently applied
in benzyl alcohol oxidation to benzaldehyde [165]. Three hours of visible light irradiation
yielded 65% efficiency, while with the TMU-22(Zn) only ~25% conversion was reported.
Co2+ ions were profitably substituted in the framework at more available positions toward
the substrate, hence the catalytic performance was improved. According to the reaction
mechanism, the exchange between Co2+ and Zn2+ resulted in the development of a new
level in the conduction band. Thereby, the electrons from the valence band may be promoted
to this level and, as a consequence, the band gap is narrowed. Cobalt also acts as a
trap immobilizing electron, which is then transferred to O2 generating highly oxidative
•O2

−. Subjected to five oxidation cycles, TMU-22(Zn/Co) showed 54% effectiveness which
indicates the possibility of its reuse. Furthermore, the conducted leaching test confirmed
the stability of the photocatalyst. Despite the satisfying performance of TMU-22(Zn/Co)
in the conversion of benzyl alcohol, the yields obtained after the oxidation of the electron-
deficient substrates (e.g., 4-nitobenzyl alcohol) were lower (40%). The reason might be the
structure of the derivative with a steric hindrance.

Effective catalyst–magnetic core/shell metal–organic framework Fe3O4@Ni–Co-BDC
NPs has been applied in the selective aerobic oxidation of benzyl alcohol under solar
light irradiation [162]. In three hours, 87% conversion to the proper carbonyl product
was observed, whereas in the case of Fe3O4@Ni-BDC NPs or Fe3O4@Co-BDC NPs the
reaction was slower and not as efficient (60%, 45%). The differences can be attributed to
the high band gap of Fe3O4@Ni-BDC NPs and Fe3O4@Co-BDC NPs, thus more UV light is
needed for their activation. In order to check the reusability of the Fe3O4@Ni–Co-BDC NPs
photocatalyst, seven recycling experiments were carried out. The results showed that it
can be recycled without a noticeable decrease in activity. This strategy may be expanded
to the wide range of substrates such as primary and secondary benzylic, in addition
to aliphatic alcohols, achieving great conversion and selectivity toward corresponding
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aldehydes or ketones. In the oxidation of 4-methylbenzyl alcohol, 4-methoxybenzyl alcohol,
and 3-methoxybenzyl alcohol the conversion yields were as follows: 93%, 98%, 90%.

Another magnetic nanocomposite that can be applied in the oxidation of alcohols
to aldehydes under visible light irradiation is CoFe2O4/Ce-UiO-66 [166]. Coupling a
MOF with a cobalt ferrite can enhance the photocatalytic performance as well as stabil-
ity and recyclability. CoFe2O4 possesses superparamagnetic properties, thanks to which
Co-ferrite/MOF can be regenerated by adding the external magnetic field. To examine
the CoFe2O4/Ce-UiO-66 catalytic activity, it was used in the oxidation of n-hexanol and
compared with CoFe2O4 and Ce-UiO-66 (Figure 14A). The synthesized composite ex-
hibited ~80% conversion of alcohol in four hours, which was higher than that obtained
with CoFe2O4 and Ce-UiO-66 (Figure 14B). The relatively low yield is due to the fact
that aliphatic alcohols oxidation is more difficult than aromatic ones which are easily
transformed to aldehydes. The reuse studies showed that CoFe2O4/Ce-UiO-66 can be
utilized at least five times without significant activity loss. This MOF was also applied in
the six-hour oxidation of aromatic alcohols including 3-nitrobenzyl alcohol, 4-nitrobenzyl
alcohol, and 4-bromobenzyl alcohol. The corresponding aldehydes (3-nitrobenzaldehyde,
4-nitrobenzaldehyde, 4-bromobenzaldehyde) were obtained with 90%, 90%, and 82% effi-
ciencies, respectively.
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Metal–organic framework/carbon nitride nanosheets composite–TMU-49/CNNSs
(TMU-49 = [Co(oba)(bpfb)] × (DMF)2; bpfb = N,N’-(1,4-phenylene)-diisonicotinamide) has
been obtained and utilized as a visible light-active catalyst for benzyl alcohol oxidation [167].
Through linking a MOF with C3N4, the benefits of their complementary features while
restraining the recombination rate of electron-hole were achieved. After three hours, TMU-
49/CNNSs exhibited 78% conversion, whereas for the TMU-49 and CNNSs the efficiency
was much lower (36%, 16%). Four hours of oxidation yielded an even higher conversion
(81%) to benzaldehyde with 75% selectivity. The light source turned out to also affect
the reaction. As the conversion of both reactions was alike, the selectivity under UV
and visible irradiation were as follows: 52% and 69%. The synthesized composite was
subjected to five recycles which showed that TMU-49/CNNSs retained its photocatalytic
activity. Moreover, the material was also applied in the oxidation of a few benzyl alcohol
derivatives. Efficiencies of 83%, 91%, 76%, and 45% were observed for 4-nitrobenzyl
alcohol, 4-bromobenzyl alcohol, 4-methylbenzyl alcohol, and 4-methoxybenzyl alcohol,
respectively. According to the proposed mechanism, under visible light electron-hole pairs
may be formed by the excited TMU-49 and CNNSs (Figure 15). Electrons in the TMU-49
conduction band are transferred to the CNNSs valence band to recombine with the holes.
Thereby, the subsequent accumulation of electrons in the CNNSs conduction band triggers
the O2 reduction to •O2

−. The holes in the TMU-49 valence band can oxidize alcohols
in the meantime. As a consequence, TMU-49/CNNSs exhibit excellent photocatalytic
performance toward alcohols.
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In summary, the application of Co-based MOFs as photocatalysts in the oxidation
of numerous alcohols and other organic compounds to corresponding products has been
described. Under light irradiation, these materials enable high conversion efficiencies,
in addition to selectivity, hence they are gaining more and more attention (Table 4). With the
use of Co-MOFs, the oxidation processes can be carried out in mild conditions. The products
of this reaction may be applied in the synthesis of e.g., drugs and cosmetics. Furthermore,
by decomposition of diverse organic pollutants, less harmful and more easily biodegrad-
able compounds are produced, therefore MOFs may be utilized in removing resistant
contaminants from water. Considering the availability, high activity, satisfactory stability,
and efficiency of cobalt MOFs as well as their reusability without a significant decrease in
the catalytic performance, these materials display excellent potential in the oxidation of
organic compounds.

Table 4. Examples of Co-based MOFs used in the photocatalytic oxidation of various
organic compounds.

Photocatalyst Compound Conversion
Efficiency [%] Time Ref.

Fe3O4@Ni–Co-BDC NPs

Benzyl alcohol 87 3 h

[162]
4-methylbenzyl alcohol 93 3 h

4-methoxybenzyl alcohol 98 3 h
3-methoxybenzyl alcohol 90 3 h

h-Co-MOF-74

Thioanisole 100 10 h

[164]
4-bromothioanisole 100 10 h

4-fluorobenzaldehyde 100 10 h
Methyl p-tolyl sulphide 100 10 h

4-chlorothioanisole 100 10 h

TMU-22(Zn/Co) Benzyl alcohol 65 3 h [165]

CoFe2O4/Ce-UiO-66

n-hexanol ~80 4 h

[166]
3-nitrobenzyl alcohol 90 6 h
4-nitrobenzyl alcohol 90 6 h

4-bromobenzyl alcohol 82 6 h

TMU-49/CNNSs

Benzyl alcohol 81 4 h

[167]
4-nitrobenzyl alcohol 83 3 h

4-bromobenzyl alcohol 91 3 h
4-methylbenzyl alcohol 76 3 h

4-methoxybenzyl alcohol 45 3 h
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6. Conclusions

This review shows the enormous application potential of cobalt-based MOFs and
their composites in photocatalytic processes including dye degradation, water and organic
compound oxidation, and CO2 reduction. These materials are characterized by high
porosity, which can expose more cobalt active sites, promote transport of reaction substrates
and products, as well as reduce carrier transport distance, thereby inhibiting photogenic
electron holes recombination. Both the metallic nodes and linkers of MOFs can be subjected
to a wide variety of modifications in order to constitute efficient light absorption centres.
Interestingly, a MOFs’ porous structure enables the incorporation of photosensitizers and
co-catalysts to promote carrier separation and enhance photocatalytic activity. Moreover,
their high crystallinity prevents the formation of structural defects resulting from the
rapid recombination of electron holes. Cobalt-based MOFs show high catalytic efficiency
in light-driven reactions as they can be semiconductors or directly interact with solar
energy as light harvesters. Cobalt active sites ensure different electron traps that facilitate
electrons and holes separation. In addition, they can cause a longer electron lifetime in the
photocatalytic processes.

Cobalt species have different functions in each process described in the review, there-
fore they were presented separately. Considering the mechanisms of the reactions, various
active forms are involved in dye degradation, water oxidation and splitting, carbon dioxide
reduction, and organic compounds oxidation. In the photodegradation of colorants, mainly
•OH radicals are responsible for their decomposition. Highly oxidative •O2

− affects the ox-
idation of organic compounds. In these reactions, conversion yields and selectivity provide
information about the effectiveness of the catalyst. The conductivity of cobalt-based MOFs
is important for the oxidation-reduction reactions of water splitting. The photocatalytic
activity depends on the ability of electron and hole separation, and their recombination.
The light absorption capabilities control the photocatalytic activity, therefore linkers that
can harvest light in a broad spectrum are desired. A similar relationship is observed for CO2
reduction processes. Here, in turn, the key role plays the ability of MOFs to adsorb CO2 on
the surface. The structure of MOF and accessibility to active catalytic centres determine
the type of generated product and selectivity of the process. The photocatalytic activity of
cobalt-based MOFs in the above-mentioned applications does not yet satisfy the high ex-
pectations of the industry; they have actual utility in small-scale systems. The optimization
of both the costs of linkers and photocatalyst synthesis will significantly contribute to their
wider use.

Despite many advantages presented, further research on Co-based MOFs and their
composites should primarily focus on improving their stability in water solutions and un-
der ultraviolet light, thanks to which the possibility of their easy regeneration and multiple
reuses will increase. In addition, a deeper understanding of the photocatalytic mechanisms
of reactions with Co-based MOFs is needed. Currently, several aspects may be proposed
for near future studies to fill in the gaps. For instance, the accurate identification of the
amount and type of cobalt species needed to perform the most effective treatment of the
metal–organic frameworks for their photocatalytic activity is very important. It is also
advisable to carefully study the effect of varied linkers as modifiers on already developed
MOFs in order to increase their stability and activity. The generation of a wide range of
core-shell structures can contribute to reducing the photocorrosion effect. It has been shown
that replacing the linker on the surface of MOFs or creating core-shell structures of a certain
thickness can significantly alter their photocatalytic properties. Therefore, it is worth pursu-
ing efforts to integrate cobalt-based MOFs also with metal oxides, which can additionally
yield more stable systems. Moreover, combining implantation strategies with molecular
platforms, in addition to obtaining MOFs in the form of films, require further screening.
The combination of theoretical calculations with experimental studies will allow for pre-
dicting their activity and selectivity in specific photocatalytic processes, which in turn may
contribute to the rational design of new, low-cost, and high-performance photocatalysts.
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