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Abstract

This chapter explores the most representative catalytic systems for electro- and
photocatalytic CO, reduction into fuels and chemicals, as promising strategies to
produce carbon-based fuels and chemicals in a sustainable manner. Practical appli-
cation of CO, reduction faces challenges such as enhancing catalyst activity (turnover
numbers, turnover frequencies), achieving high energy efficiency (low overpotential),
ensuring excellent selectivity and efficiency for desired products (Faraday efficiencies,
product vyield, quantum yields), and maintaining long-term stability used earth-
abundant-based systems. A deeper understanding of reaction mechanisms is crucial
to favor pathways yielding desired products while avoiding undesired ones. Recent
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years have seen the emergence of rational design strategies to boost activity without
compromising overpotential or selectivity. This review focuses on molecular cobalt-
based catalysts as pivotal components in this evolution. The chapter is divided into
two main sections: the first covers the developed and studied cobalt complexes
based on heme ligands, such as porphyrins and phthalocyanines, while the second
addresses cobalt complexes with non-heme ligands. Key aspects for catalyst devel-
opment in this rapidly advancing field are discussed.

1. Introduction

Our society, since the industrial revolution, has heavily relied on
fossil fuels for energy generation, transportation, production of fertilizers,
industrialization, and chemical production (7,2). The consequence of the
oxidation of huge amounts of carbon deposited over millions of years
thanks to Natural photosynthesis and geological transformations (fossil
fuels) has been the emission of huge amounts of carbon dioxide on a time
scale of decades, resulting in an alteration of the carbon balance on our
planet (3). The atmospheric CO, levels have raised from the about
280 ppm (4), to surpass 425 ppm in 2024, and projections grew further
with the current technologies (5—7). Carbon dioxide levels have a direct
impact on global warming, ocean acidification, sea levels and life on earth
(8). The recognition of the anthropogenic CO, emissions, its impact in the
clime and the economic and social impact has led to social, political, and
economic movements to promote alternative technologies with low, zero
or negative CO, emissions. Only by scientific advancement and techno-
logical innovation, we will be able to develop the technologies necessary to
transition to a low-carbon emission economy (1).

Certainly, the carbon dioxide reduction reaction (CO,RR) to fuels and
chemicals using renewable energy is pivotal in the quest for sustainable
energy solutions and environmental preservation (Fig. 1) (9). The CO,RR
offers numerous advantages, making it a focal point of research and
development in the field of catalysis and energy conversion. This process
could be seen as inspected by Natural photosynthesis, which produces
organic matter and oxygen from carbon dioxide, water and sunlight,
whereas respiration consumes the generated organic matter and oxygen to
produce energy, water and CO, release.

CO, is a2 major greenhouse gas contributing to global warming and
climate change and by converting CO, into useful chemicals and fuels, the
CO, reduction reactions can help to mitigate the effects of climate change.
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Fig. 1 Schematic representation of a closed carbon cycle by developing CO, capture
and transformation technologies to produce chemicals and fuels. CO,R stands for CO,
reduction.

This process turns a problematic pollutant into a valuable resource. The
conversion of CO», as a C; building block in the synthesis into fuels, such
as methane, methanol, and other hydrocarbons provides a means of storing
renewable energy, but also the synthesis of chemicals (9). Solar and wind
energy, which are intermittent in nature, can be harnessed and stored in the
form of chemical bonds through CO, reduction (CO,R). This stored
energy can be used when renewable energy generation is low, ensuring a
stable energy supply. Therefore, CO,R reactions could enable the sus-
tainable production of various chemicals and fuels that are conventionally
derived from fossil resources. By using CO, as a feedstock, the chemical
industry can reduce its reliance on fossil fuels, lower its carbon footprint,
and promote a circular carbon economy.

However, achieving selective CO,R  presents significant challenges.
Primarily, there are substantial thermodynamic and kinetic barriers that
must be overcome for effective CO,R. The formal redox potential for the
one-electron reduction of CO, to CO," is approximately —1.9 V versus
the normal hydrogen electrode (NHE at pH 7, Table 1) under standard
conditions, highlighting the intrinsic thermodynamic difficulty of this
process (10,11). The inherent challenge in the direct one-electron
reduction of CO; is largely due to its linear geometry and delocalized n-
HOMO orbitals, paired with a highly energetic LUMO orbital. These
electronic and geometric characteristics render CO; stable against elec-
trophiles and resistant to one-electron reduction (Eq. 1) (10). However,
CO;, readily reacts with nucleophiles such as amines or hydroxide ions, as
well as with metal complexes in low oxidation states, which opens the
possibility of catalytic transformations.
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Table 1 Formal reduction potentials (V vs NHE at pH 7) for the water oxidation half
reaction and various CO,R reactions.

H,O — O, + 4H* + 4¢” E® = 0.84V vs. NHE (1)
CO, + ¢~ — CO,~ E® = — 1.90V vs. NHE )
CO, + 2H' + 2¢” - CO + H,0 E® = — 0.53V vs. NHE 3)
CO, + 2H* + 2¢” - HCO,H E® = — 0.61V vs. NHE )
CO, + 4H* + 4¢~ - H,CO + H,O E® = — 0.48V vs. NHE (5)
CO, + 6H" + 6¢” - CH;OH + H,0  E® = — 038V vs. NHE (6)
CO, + 6H* + 8¢~ - CH, + H,O E° = — 0.24V vs. NHE 7
2H" + 2¢” — H, E® = — 0.42V vs. NHE 8)

To effectively produce fuels through the multi-electron, multi-
proton reduction of CQO,, catalysis is essential to reduce the
kinetic barriers leading to the desired products (12). However, the
significant challenge of this process is achieving high selectivity, parti-
cularly in aqueous reaction media. In this regard, one of the main issues
is the competitive hydrogen evolution reaction (HER), which often
occurs alongside CO,R. This competition arises because both CO,R
and HER involve proton-coupled electron transfer steps. In water, the
abundance of protons can lead to a preferential reduction of protons to
hydrogen gas (H,), thereby decreasing the efficiency and selectivity of
CO3R to desired carbon-based products. Thus, designing catalysts that
can selectively reduce CO, while suppressing HER is crucial for
advancing efficient and practical CO,R technologies.

Heterogeneous catalysts are widely regarded as the most viable option
for large-scale CO,R in aqueous environments (13). These catalysts can
produce a variety of products, ranging from CO to CH, (Egs. 2-7,
Table 1) and even multi-carbon compounds (C,4). However, achieving
high selectivity for specific products remains a significant challenge. Fur-
thermore, when performing CO,R reactions in water, the hydrogen
evolution reaction (HER) often competes with the desired reaction,
making selectivity even more difficult to control (Eq. 8, Table 1).
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On the other hand, homogeneous catalysts typically produce two-
electron reduction products like CO and formic acid (14). Despite this
limitation, recent advancements have shown that well-defined mole-
cular complexes can also facilitate the reduction of CO, to products
beyond two-electron reductions. Additionally, homogeneous catalysts
exhibit promising durability and catalytic performance when immobi-
lized on supports (15—19). Their well-characterized structures, uniform
catalytic sites, and solubility enable detailed mechanistic studies using
spectroscopic techniques. Recent research has made significant progress
in understanding the CO,R mechanisms, identifying key steps and the
thermodynamic and kinetic factors that influence the reaction.
Although these studies are challenging, they are crucial for developing
faster and more selective catalysts (20). Typically, insights are gained
through a combination of electrochemical studies, spectroscopic ana-
lysis, and computational modeling.

The development of metal complexes as catalysts for CO,R is pivotal
for advancing this technology. Metal complexes offer several distinct
advantages, including the ability to finely tune catalytic properties by
modifying both the metal center and the ligands. This tunability allows
researchers to optimize catalytic activity, selectivity, and stability for the
specific CO,R reactions. Achieving high selectivity for desired products
is one of the significant challenges in CO,R, alongside CO, activation.
Metal complexes can be tailored to favor specific reaction pathways,
thereby minimizing the formation of unwanted by-products. This high
selectivity is crucial to makeCO,R processes efficient and economically
viable. More importantly, the well-defined structure of metal complexes
facilitates detailed mechanistic studies. Understanding the mechanisms of
CO, activation and reduction at the molecular level is crucial for the
rational design of more effective catalysts. Metal complexes serve as
excellent model systems for such studies, offering insights that can be
translated into improved catalytic systems. By advancing the design and
understanding of metal complexes for CO,R, we can realize the full
potential of this technology.

To fulfill the sustainability criteria, the CO,RR must be coupled
with an oxidation reaction. Therefore, the selected sacrificial oxidant
must be highly available and inexpensive, and the generated oxi-
dized species should be environmentally benign. In this regard, the
water oxidation reaction (WOR) is an ideal candidate to pair with the
CO,RR. This approach emulates natural photosynthesis, as artificial
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photosynthesis. However, this approach poses several challenges, such as
the highly endergonic nature of the overall reaction, the need for CO,R
catalysts to be stable, active, and selective in water, and the necessity for
compartmentalization of the reduction and oxidation reactions is
needed, an implementation of catalytic systems where both oxidation
and reduction reactions. Implementing catalytic systems where both
oxidation and reduction reactions can exchange reductive/oxidative
equivalents in a synchronized manner requires complex architectures
like nanoparticulated systems or reactors.

Although both semi-redox reactions (CO,R and WO) must operate
together, the individual reaction can be studied separately for faster catalyst
evolution and deeper mechanistic understanding. Nevertheless, mere cat-
alysts development is not sufficient. A holistic approach should be con-
sidered, addressing energy harvesting, operation in practical reaction media
at sufficient concentration, durability, and integration into devices. There is
still a gap in knowledge regarding the efficient implementation of a full
catalyst system for artificial photosynthesis and catalysts are not yet ready for
industrialization. Further understanding of the reaction mechanisms and
catalyst design to enhance activity, control selectivity, and increase stability
is needed to obtain practical catalysts.

Given the endergonic nature of the overall process for CO,R to fuels
and chemicals, electrochemical and photochemical transformations hold
promise for ensuring a suitable energy supply by utilizing renewable
sources like sunlight or wind. Electrochemistry and photochemistry are
thus central to achieving CO,RR, requiring specific considerations for
studying the field and developing catalysts.

This review explores recent advancements in catalyst development for
CO,R, particularly focusing on mechanistically informed approaches using
well-defined homogeneous cobalt complexes. The review is organized into
two main categories based on the ligands utilized: (i) non-heme, imino-
and aminopyridine complexes and (ii) porphyrin and phthalocyanine
complexes. In addition, in the review is also highlighted the products
generated from CO,R regarding the number of electrons utilized: those
involving two-electron reductions (producing CO and formic acid) and
those yielding products from more-than-two-electron reductions (such as
CHOH, CH;OH, and CHy,). This structure helps to highlight common
aspects across different catalysts aimed at achieving specific and selective
products.
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1.1 General considerations on electrochemistry and
photochemistry for CO, reduction
1.1.1 Electrochemical CO, reduction
The electrochemical reduction of carbon dioxide (CO,) has garnered
significant attention due to its potential to convert CO, into valuable fuels
and chemicals at industrially relevant current densities. This process, known
as the electrochemical CO, reduction reaction (CO,RR), occurs at the
cathode of an electrochemical cell, where CO, is reduced by electrons
provided by an external power source. The choice of catalyst is paramount
to achieving efficient CO,R, with cobalt complexes containing nitrogen
ligands emerging as promising candidates due to their unique properties.
The catalyst must efficiently react with CO, and facilitate its reduction
through multiple electron/proton transfers.

To evaluate the performance of electrochemical CO,R catalysts, several
metrics are commonly used. Electroanalysis, in particular cyclic voltammetry
(CV), together with chronoamperometry (CA or controlled potential
electrolysis (CPE)), of the metal complex in solution in the absence and in
the presence of the substrate, facilitates the evaluation and catalyst bench-
marking in terms of Faradaic efficiency (FE), turnover number, maximum
turnover frequency (TOF,,,,.), and overpotential () (21). Faradaic efficiency
(FE) measures the efficiency of electron utilization towards the desired
product. The FE is calculated as the percentage of the ratio between the
charge associated with the product formation (P) and the total charge passed
during the experiment (Q) (Eq. 9). The turnover number (TON) indicates
the number of catalytic cycles and the TON of a catalyst can be obtained by
measuring the amount of product generated per catalyst unit during an
exhausting control potential electrolysis (Eq. 10). Turnover frequency (TOF)
TON:Ss per unit time, reflecting the catalyst’s activity (Eq. 11) and it is also the
observed kinetic rate constant (kgps in sfl) for the catalytic reaction, which
typically it can be expressed as the linear dependence on the reactant con-
centration to the reaction order and the catalytic rate constant (Eq. 12).
Nevertheless, it depends on the mechanism and should be analyzed case by
case. Minimizing the applied potential required to drive the reduction,
known as the overpotential (), enhances energy efficiency. The over-
potential is the extra potential required beyond the thermodynamic potential
to drive the reduction reaction (Eq. 13). Stability can be assessed through
long-term electrolysis experiments to determine the catalyst’s durability
under operational conditions or by accelerated stability test by exposing the
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catalyst phase to severe operative conditions. Moreover, another important
parameter is catalyst selectivity of favoring one product over the other
possible ones (S, Eq. 14). A selective catalyst should preferentially produce a
desired product such as carbon monoxide (CO), formic acid (HCOOH),
methane (CHy), or methanol (CH3OH), while minimizing by-products.

FE (%) = quo
Q(O) )
P
TON = _Lumel)
Cat (mol) (10)
TON
TOF = ———
t (11)
TOEnax = kobs = kcat [AO]” (12)
n= EoIA/B - Eapp (13)
S = Selected Product
> All products (14)

A technique to highlight due to its capacity to shed light on the elec-
trochemical reaction mechanisms is the spectroelectrochemistry (SEC). In
particular, SEC is a powerful technique for investigating the electrocatalytic
COzR mechanism on the electrode surface under working conditions. In
SEC experiments, information about the reaction is obtained simulta-
neously from steady-state in-situ electrochemical, and spectroscopic mea-
surements. Infrared (IR) spectroscopy coupled with electrochemistry
(IR-SEC) enables the detection of potential CO,R intermediates, such as
metal carboxylates and carbonyls. Moreover, IR vibration is sensitive to the
chemical environment and the metal oxidation state. Moreover, other
techniques such as ultraviolet and visible light spectroscopy (UV-Vis) and
Raman spectroscopy are also very informative (22).

In addition to catalysts, both electrodes and the electrochemical cells are
also crucial for the study of catalysts and the effective implementation of
CO3R processes. Various types of electrochemical cells are employed for
CO,R, each offering distinct advantages (Fig. 2). Flow cells, SEC-cells and
H-cells are commonly used, with flow cells providing continuous opera-
tion and improved mass transport, while SEC-cells and H-cells are simpler
and more suitable for mechanistic studies.
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FE: Faraday Efficiency; CPE: Control Potential Electrolysis;

Fig. 2 General scheme of electrochemical cells and their features.

1.1.2 Photochemical CO, reduction
Photochemical CO,R leverages light energy to convert CO, into valuable
chemicals and fuels. The efficiency of this process hinges on several key
aspects, beginning with the absorption of light. Efficient light absorption,
particularly in the visible spectrum, is critical for initiating eftective pho-
tochemical processes. This is because the absorbed light energy must be
converted into chemical energy through a series of subsequent steps. The
generation and separation of electron-hole pairs must also be efficient to
prevent recombination, ensuring that reductive equivalents are available.
Additionally, the integration of photocatalysts or photosensitizers with
CO,R catalysts is essential to facilitate efficient electron transfer and sub-
sequent product formation, thus minimizing energy losses and enhancing
overall energy efficiency. In this regard, it is important to match the
thermodynamics and kinetics of the electron transfer processes.
Photocatalytic systems designed for CO,R typically involve a light-
absorbing material, known as a photosensitizer, coupled with a catalyst.
Key components of these systems include photosensitizers, which can be
molecules or materials that absorb light and generate excited states or
electron-hole pairs. Common examples of photosensitizers are semi-
conductor materials like TiO, and molecular photosensitizers such as
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ruthenium, iridium or copper complexes. The photogenerated electron is
then transferred to the CO, reduction catalyst, which initiates the reduc-
tion process. The catalyst activates and reduces CO, through a series of
proton-coupled electron transfer steps, ultimately leading to the formation
of desired reduction products. The efficient photoinduced electron transfer
to the CO,R catalyst is crucial for the process, necessitating effective
integration between the photosensitizer and the CO,R catalyst to facilitate
electron transfer and product formation.

To evaluate the performance of photochemical CO,R systems, several
metrics are commonly used. Quantum efficiency (QE) is a critical metric
that measures the number of CO, molecules reduced per photon absorbed.
Specifically, it is defined as the ratio of the number of molecules of CO,
reduced (or any target product formed) to the number of photons absorbed
by the photosensitizer or photocatalyst. This metric reflects the effective-
ness of the photochemical process in utilizing light energy to drive the
desired chemical reaction. Turnover number (TON), as in the case of
electrochemical CO,R, is another important metric, indicating the
number of times the catalyst can turn over (i.e., reduce CO,) before
deactivation. Stability, the ability of the photocatalytic system to maintain
activity over extended periods under illumination, is also a crucial per-
formance metric, as it determines the long-term viability and practical
applicability of the system.

QE (%) = M-lOO
hv (mol) (15)
Light sources play a crucial role in photochemical CO,R systems. For
fundamental studies aimed at understanding the underlying mechanisms
rather than optimizing solar-to-fuel efficiency, the primary requirements
are precise control of light intensity and temperature. Controlled light

(A) () T3

Light
Source

Heat

Exchanger
Controlled

Controlled distance
I distance

Fig. 3 Schematic representation of irradiation sources and setups.
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intensity ensures that the photon flux reaching the photocatalyst is con-
sistent, allowing for reproducible experimental conditions and accurate
mechanistic studies (Fig. 3). Temperature control is equally important, as
reaction kinetics and catalyst stability can be significantly influenced by
temperature variations. Therefore, maintaining a stable temperature is
essential for obtaining reliable data and understanding the intrinsic prop-
erties of the photocatalyst.

For studies focused on optimizing solar-to-fuel efficiency, solar light
simulators have become indispensable. These simulators are designed to
mimic the spectral distribution and intensity of natural sunlight, providing a
standardized and controlled environment for evaluating the performance of
photocatalytic systems under conditions that closely resemble real-world
solar irradiation. Solar light simulators enable researchers to accurately assess
the efficiency of converting solar energy into chemical energy, facilitating
the comparison of different photocatalysts and system configurations.

In the context of solar-to-fuel efficiency calculations, the use of solar light
simulators ensures that the experimental conditions reflect the variable nature
of sunlight, including changes in intensity and spectrum throughout the day.
This is crucial for determining the practical viability of photocatalytic systems
for large-scale applications. Accurate solar-to-fuel efficiency measurements
require that the light source replicates the solar spectrum as closely as pos-
sible, typically adhering to standard solar irradiance models such as AM1.5
(Air Mass 1.5), which represents the solar spectrum at the Earth’s surface
with the sun at a 48.2° angle above the horizon.

Nevetheless, LEDs are also usefull ligh sources to evaluate the catalytic
activity of catalysts, and mechanistic studies, since its light emission is very
stable, there is a large collection of wavelenghts avaliable and are economical
facilitation the implementation of high-throughput photoreactors (23).

1.2 Molecular design of cobalt complexes with nitrogen ligands

Molecular catalysts, particularly those based on transition metals like cobalt,
have shown great promise for CO,R due to their tunable coordination
environments and well-defined active sites. Design strategies for cobalt
complexes focus on enhancing catalytic efficiency, selectivity, and stability.
One approach involves modifying the ligands by introducing electron-
donating or withdrawing groups to fine-tune the electronic properties of
the cobalt center. Modulating its redox properties and influencing its ability
to activate and reduce CO, and is essential for optimizing the catalyst’s
reactivity and selectivity. Another strategy involves incorporating
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functional groups that provide hydrogen bonding or electrostatic interac-
tions, which can stabilize intermediates and transition states, thereby
boosting catalytic performance. Additionally, precise localization of Lewis
bases (like secondary amine groups) around the cobalt center can be tai-
lored to optimize interactions with CO, and intermediates, acting as
proton relays, facilitating proton transfer to the active site and enhancing
the protonation steps crucial for CO,R. In addition, using multidentate
ligands that strongly coordinate the metal center can create a more rigid
and stable coordination environment, enhancing the overall activity and
stability of the catalyst (12,20,24).

Each metal complex offers unique advantages and faces specific chal-
lenges in the context of CO,R. For instance, manganese tricarbonyl
complexes with polypyridyl ligands such as bipyridine and its derivatives
can stabilize various oxidation states (I, 0, -I), which are notable for their
low overpotential in water. Recent studies have shown promising control
over the selectivity for specific products, such as CO and formic acid,
against hydrogen evolution. However, these complexes present limited
stability and the formation of oft-cycle products. Nevertheless, remarkable
stability and turnover frequencies (TOFs) have been observed in specific
cases of electrode functionalization (12,19,20,24,25).

Nickel complexes often use bipyridyl, N-heterocyclic carbene (NHC),
and cyclopentadienyl ligands, which provide a stable coordination envir-
onment for the nickel center. Ni complexes with appropriate ligand
modifications can achieve high TOFs and selectivity for CO,R to CO.
However, achieving high selectivity for a single product can be challen-
ging, as Ni complexes may produce a mixture of CO and hydrogen
depending on the reaction conditions (12,13,20).

Iron is highly abundant, inexpensive and biocompatible, making Fe
complexes appealing for CO,R. Iron complexes frequently utilize por-
phyrins, phthalocyanines, and polypyridyl ligands, which mimic natural
enzyme active sites and provide a stable environment for Fe. These
complexes exhibit high selectivity for specific products, such as CO, formic
acid, or methane, depending on the ligand design and reaction conditions.

Cobalt complexes have several key features that make them particularly
interesting for CO,R. Cobalt complexes with nitrogen-based ligands ofter
a unique combination of tunable electronic properties, enhanced proton
transfer mechanisms, high selectivity, stability, cost-effectiveness, and sus-
tainability. These features make them highly suitable for the electro-
chemical and photochemical reduction of CO,. Extensive studies with
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Fig. 4 Overview of the two-electron reduction catalytic cycles for the “reductive
disproportionation” mechanism (A), the “proton-assisted” CO,R to CO (B) and the
“hydride transfer” and “metal-carboxylate protonation” mechanisms for the CO,R to
formate and hydrogen (C).

polypyridyl, aminopyridyl, and macrocyclic ligands have demonstrated
their versatility. These ligands can be easily modified to tune the electronic
and steric properties of the cobalt center, allowing for deep mechanistic
investigations. Generally, Co complexes demonstrate good selectivity for
CO or formic acid production. Remarkably, cobalt complexes have shown
that under certain conditions, methanol and formaldehyde are accessible
products. Although long-term stability can be an issue, and some Co
complexes may deactivate over prolonged electrolysis, studies with



14 Carla Casadevall and Julio Lloret-Fillol

phthalocyanine and covalent organic frameworks have shown stabilities
over 100 h. In this regard, this review focuses on cobalt complexes, as an
earth-abundant and cost-effective metal, with nitrogen-based ligands.
Nitrogen-based ligands, such as aminopyridines, polypyridines, porphyrin
and phthalocyanine ones, because can stability of the catalysts in various
oxidation states of cobalt, are synthetically versatile, allowing fine tuning of
electronic, steric and introducing second shell interactions.

1.3 Mechanistic pathways

The general CO, reduction reaction (CO,RR) mechanisms with well-
defined metal complexes typically begin by reducing the metal site to a
sufficiently low oxidation state ([M]") that can react directly with CO,
([IM-CO5]") or with the aid of protonation to produce an intermediate
(IM-CO,H]"™", Fig. 4). In the absence of a Bronsted acid, a reductive
disproportionation mechanism is possible (Fig. 4A), where two CO,
molecules are reduced by two electrons to yield CO and carbonate. The
second CO, molecule acts as a Lewis acid to promote the O abstraction
breaking the C-O bond forming CO3>~ (26). When there is a high
concentration of protons, the reduced intermediate ([M]") can also be
protonated to produce a metal hydride intermediate ([M-H]"""). Con-
trolling this divergent step is crucial for selectivity.

When the metal site reacts with CO», it leads to the formation of CO
via the C-O cleavage pathway, via consecutive single-electron transfer
(SET) and protonation steps. The specific order of protonation and elec-
tron transfer steps before the C—O cleavage depends on the nature of the
metal, the ligand, and the reaction conditions. In the presence of a
Bronsted acid, the [M-CO5]" complex can undergo protonation to form
the intermediate [M-CO,H]™"" (Fig. 4B). A subsequent protonation step
can induce the cleavage of the C—O bond, resulting in the formation of a
metal-carbonyl species [M-CO]"*?. This sequence of events is referred to
as the “protonation first” mechanism. Alternatively, if the [M-CO,H]"""
intermediate is reduced before the second protonation, the process follows
the “reduction first” pathway. In general, electron-rich complexes tend to
favor the “protonation first” mechanism.

This preference arises from the increased basicity of the metal-carboxylate
adduct. Conversely, the “reduction first” mechanism is more likely to occur
with electron-deficient complexes (25). Regardless the path, the [M-
CO,H]" intermediate triggers the C—O bond cleavage, producing [M-CO]"

“1 and a water molecule (25). The carbon-oxygen bond cleavage is critical
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Fig. 5 Pathways for consecutive reduction and protonation leading to higher-order
CO,R products such as formaldehyde, methanol, and methane.

and usually is identified as the rate-determining step (rds) (25,27-34).
This pathway results in the formation of the common metal carbonyl
intermediate, a subsequent reduction produces the CO release from the
reduced metal-carbonyl intermediate ((M-CO]", Fig. 4B), which can also
have a significant kinetic barrier since metal carbonyls could be thermo-
dynamic sinks (35,36).

Protonation of the metal center to yield a metal hydride can lead to H,
production through further protonation (Fig. 4C). From the metal hydride,
two different products can be formed: H, through protonation of the metal
hydride, or formate (HCOO") if the metal hydride reacts with CO,
(Fig. 4C). Controlling the selectivity between hydride protonation and
hydride transfer to CO, is challenging and usually relies on modifying the
reaction conditions. Reducing the availability of protons enhances selec-
tivity toward formate formation; however, this typically results in formate,
not formic acid, under highly basic conditions, which diminishes the
reaction’s overall appeal.

Accessing CO,R products beyond two-electron reductions requires the
reduction of intermediate species such as metal carbonyls, or products like
CO or HCO, (Fig. 5). In particular, the consecutive reduction and
protonation of metal carbonyls can yield metal acetyl intermediates ([M-
CHOJ™"), which, depending on the protonation and reduction steps,
could produce formaldehyde (HCOH), methanol (MeOH) or methane
(CHy). A lack of mechanistic understanding still limits control over
selectivity. In this regard, cobalt complexes have the advantage of allowing
CO,R to MeOH with high selectivity, and although with lower selec-
tivity, also HCOH. Producing C, products is even more challenging, and
the reaction mechanisms that could produce them are still under debate.
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2. Complexes based on heme ligands
2.1 Porphyrine and porphine Co complexes

Metal porphyrins are considered one of the most promising families of
molecular catalysts for selective electrocatalytic CO,R to CO. Iron por-
phyrins, in particular, have been the focus of extensive experimental and
theoretical studies conducted by Saveant, Costentin, and Robert. In
addition to iron, cobalt porphyrins have been also widely explored for
electrochemical CO,R to CO, showing promising results especially when
integrated in supramolecular or heterogeneous catalytic systems (35,24,37).

The first report of a cobalt porphyrin for electrocatalytic CO,R was
published in 1979 by Toshima and coworkers. They examined the catalytic
activity of metal-free, cobalt, iron and copper mesotetracarboxyphenyl
porphyrin (MTCPP) and tetraphenylporphinesulfonate porphyrins
(MTSPP) for electrocatalytic CO,R using current-potential measure-
ments on a Hg(Pt) electrode in aqueous solutions. CoTCPP and
CoTSPP (Fig. 0, respectively) showed to be effective catalysts, producing
formic acid as the reduction product, while metal-free, iron, and copper
porphyrins showed no activity. Although CoTCPP and CoTSPP
exhibited similar catalytic effects to tetrasulfonated cobalt phthalocyanine
(CoTSP), they were less active (see cobalt phthalocyanine section below),
suggesting that both the central metal ions and the ligands influence cat-
alytic activity, with cobalt complexes being uniquely effective among the
porphyrins tested (38). Later, in 1998, Fujita and coworkers, reported that,
in a comparable manner to the iron tetra-phenylporphyrin (FeTPP), the
cobalt analog (CoTPP, Fig. 6) could catalyze the reduction of CO, to CO
and formate, either under photochemical conditions using triethylamine as
electron donor, as well as, under electrochemical conditions, both using
acetonitrile as solvent. However, as a homogeneous catalyst in organic
media, CoTPP required a larger overpotential (>1 V) due to the need to
form the doubly reduced [Co”(TPP)]*™ species (Fig. 5). To mitigate this,
the authors developed the fluorinated derivatives of the CoTPP bearing
more electron-withdrawing groups such as -F and -CF; (Fig. 6), which
were able to catalyze CO,R at less negative potentials, improving the
overpotential (39). However, the authors also tested water-soluble cobalt
porphyrins Co tetrakis(4-sulfonatophenyl)porphyrin  (CoTSPP), Co
tetrakis(N-methyl-4-pyridyl)porphyrin (CoTM4PyP), Co tetrakis(IN-
methyl-3-pyridyl)porphyrin (CoTM3PyP), Co tetrakis(Nmethyl-2-pyr-
idyl)porphyrin  (CoTM2PyP), and Co tetrakis(IN,N,Ntrimethyl-4-
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heterogeneous conditions (46).
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aminophenyl)porphyrin (CoTTAP) gave the lowest yields of reduced
products, since ring reduction decreased the efficiency for CO,R (40).
Therefore, the strategic tuning of ligands in cobalt porphyrins allows for a
design approach akin to that used with iron-based porphyrins. Recently,
Manthiram and colleagues demonstrated how peripheral functionalization
of the aromatic groups in cobalt porphyrins influences CO,R  with
CoTSPP, CoTM4PyP, CoTM3PyP and CoTM2PyP (Fig. 6). Speci-
fically, incorporating cationic substituents into the periphery of cobalt
porphyrins enhances the rates of CO,R. This increase in catalytic activity is
attributed to the ability of these modified porphyrins to stabilize the
[Co-(COy)] complex (41). Furthermore, immobilizing CoTAP onto
reduced graphene oxide (rGO) results in a highly stable film, capable of
electrocatalytically reducing CO, to CO and formic acid with 45% effi-
ciency each in an aqueous electrolyte at an overpotential of 590 mV (42).
The proposed mechanism for CO,R follows a similar pathway as pre-
viously reported cases (43,44).

Additionally, CoTPP analogs are very efficient catalysts once immo-
bilized on conductive carbon-based electrodes, such as gas diffusion elec-
trodes (GDE) (47) and pyrolytic graphite (PG) (43). In this regard, Sakata
et al. investigated the electrochemical reduction of CO, at CoTPP sup-
ported GDEs under both atmospheric and high-pressure conditions,
showing that increasing the CO, pressure significantly enhances the elec-
trocatalytic activity of CoTPP supported GDEs up to 97.4%. The study
also highlights that the reduction potentials shift positively with increased
CO;, pressure, indicating an improved catalytic performance due to higher
CO; concentration in the electrolyte (47).

Following another approach, Yamamoto and coworkers explored the
efficiency of cofacial dinuclear metalloporphyrins prepared through the
self~assembly of cationic (CoTM4PyP) and anionic porphyrins (CoTSPP,
Fig. 7) for electrocatalytic CO,R in aqueous DMSO at —1.8V wvs.
Ag/Ag’. The selfrassembly led to a significant enhancement of the
reduction process and improved conversion rates of CO, to CO and
formic acid. The study demonstrated that the cofacial arrangement of the
metalloporphyrins plays a crucial role in facilitating electron transfer and
stabilizing intermediates, resulting in higher catalytic activity compared to
mononuclear counterparts. Moreover, cyclic voltammetry (CV) studies
showed that the CO,R was primarily attributed to the Co(I) state of
CoTMA4PyP, despite the complexity of determining the exact oxidation
state due to multiple ligand-based reductions. Moreover, the study
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Fig. 7 Representation of the (A) cofacial dinuclear porphyrin complex CoTSPP-
CoTMA4PyP, and (B) the CoTR,PP-derivative dendrimer.

concluded that CoTSPP acted as an “electron mediator,” facilitating
electron transfer to the catalytic metal. Additionally, the catalytic activity
was not limited to cobalt, as similar results were achieved with copper
complexes (48).

The study investigates the catalytic activity of phenylazomethine den-
drimers with a CoTPP cobalt porphyrin core for the reduction of CO, in
the presence of strong Lewis acids like lanthanide trifluoromethanesulfonate.
The dendrimer catalysts demonstrated enhanced catalytic behavior compared
to traditional cobalt complexes, initiating the reduction process at a more
positive potential of —1.3 V, which is 1.1V higher than the conventional
cobalt tetraphenylporphyrin (CoTPP) catalysts due to improved multi-
electron transfer facilitated by the coordinated metal ions. The generation
number of the dendrimers influenced the catalytic efficiency, with an
optimal generation observed at three (CoTR3PP, Fig. 7). Higher genera-
tions resulted in decreased activity due to steric hindrance around the cat-
alytic center. A non-symmetric dendrimer design with a pocket shape
improved accessibility to the core and catalytic performance, enhancing the
catalytic efficiency, emphasizing the importance of structural modification of
the ligand environment around the metal center to enhance CO,R (49).

In another example, Daasbjerg and coauthors compared the electro-
catalytic CO, reduction of CoTPP under homogeneous and hetero-
geneous conditions (46). Under homogeneous conditions employing DMF
as the solvent, CoOTPP yielded poor catalytic activity (0.17 mA-cm ) with
low product selectivity for CO (50%) and formation of H, (2%), formate
(4%), acetate (2%), and oxalate (0.4%) at a high overpotential (1.02V). The
low activity in organic solvent was associated to the need for the formation
of the catalytically active doubly reduced [Co’TPP]>” species at
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unfavorable overpotentials for CO,R, causing severe catalyst deactivation
during long-term electrolysis. However, the heterogenized molecular
catalyst upon immobilization of CoOTPP on CNTs allowed the selective
conversion of CO; to CO with 91% Faradaic yield in aqueous solvent and
at a lower overpotential (550 mV) than the homogeneous system. The
difference in reactivity and selectivity between aqueous and non-aqueous
conditions was attributed to the role of water in stabilizing the anionic [Co
(TPP)(CO,)]>~ adduct through solvation, increasing the reaction rate of
the catalytically active [Co'(TPP)]™ species reacting with CO, (Fig. 6).
These results were in line with DFT mechanistic studies (44,50). More-
over, the heterogenization process significantly enhanced the catalyst’s
stability, resulting in a 300-fold increase in activity (1118 TON¢co). This
clearly demonstrates the critical role of the support material in hetero-
geneous catalysis (57).

In addition to catalyst-support interactions, pH is crucial in controlling
selectivity in CO,R. For instance, Fukuzumi et al. reported a Co™ chlorin
(Fig. 8) complex immobilized on MWCNTs that reduced CO,-to-CO
with 89% of FE at low pH under electrochemical conditions (52).

Additionally, a recent study on Co protoporphyrin (CoPP) immobi-
lized on cemented phosphogypsum (PG, CoPP/PG) showed that small
amounts of CH;OH and CH, can be produced along with CO at mod-
erate overpotentials (~500 mV), with product distribution highly depen-
dent on pH (53). At pH 3, CO is the major product with a FE of around
40%, and CH4 (FE <0.5%) is produced at less negative potentials than
HER. At pH 1, H, dominates, with FEs for CO and CHy below 1%.
Despite low yields, the FE for CH, is slightly higher at pH 1 due to fast CO
reduction to CHy4 under these conditions. This pH-dependent behavior
aligns with the DFT mechanism reported by the Koper group for Co

7

o)
0™ OCH,

Co(ll) Chlorin

Fig. 8 Representation of the Co" chlorin reported by Fukuzumi and coworkers (52).
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CoPP

Fig. 9 Representation of CoPP and CoP complexes and the proposed DFT mechanism
for CO,R to CH, (44).

porphine (CoP), where CO, binding by the catalytically active [Co'(P)]
species forms [Co(P)(CO,)|", followed by electron transfer to create a
catalyst-bound CO,™" radical anion species [Co(P)(CO,™)]|". This radical
acts as a strong Bronsted base, abstracting a proton by a water molecule to
form [Co(P)(CO,H)]", which can release CO or reduce it further to CH,
via concerted PCET steps (Fig. 9) (44). In another study, Yao et al. also
investigated a CoP system and suggested that the proton required for [CoP
(CO,H)] formation does not originate from the solution but is held by the
pyrrole ligand at acidic pH values (<6.94). This results in an increased local
proton concentration near the active center and enhanced catalysis (54).
The Koper group also explored the effect of the pH in electrocatalytic
CO,R by Co porphyrin complexes, exploring the formation mechanism
of carboxylate adducts in CO, electroreduction to CO catalyzed by,
focusing on concerted and sequential proton-coupled electron transfer
(PCET) pathways. Their findings reveal two distinct subpathways: con-
certed proton-electron transfer (CPET), commonly associated with solid-
state catalysts, and sequential proton-electron transfer (SPET), typically
linked to molecular systems. Computational studies identified specific pH
thresholds for the formation of [Co—CO,H] species by Co porphyrin
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Fig. 10 Representation of the proposed dominant pH-dependent mechanisms for the
formation of the carboxylate intermediate as proposed by Koper et al. (PT=proton
transfer, ET=electron transfer, CPET=concerted proton-electron transfer, SPET=sequential
proton-electron transfer) (55). Reprinted with permission from Gottle, A. J,; Koper, M. T. M.
Chem. Sci. 2017, 8, 458-465, Copyright 2017 Royal Society of Chemistry.

complexes during electrocatalytic CO,R, indicating a transition from
CPET to a mixed CPET-SPET regime is possible in the vicinity of pH ~
3.5 (which corresponds to the pK, of the hydroxycarbonyl species
[Co—CO,H]), even in homogeneous systems. The latter agrees with the
observed increase in the CO,R-to-CO FE at pH 3, supporting the
importance of the [Co—CO;] intermediate (Fig. 10) (53). At slightly
higher pH levels, the formation of the neutral carboxylate adduct
[Co—CO,H] is unlikely, favoring the formation of the anionic carboxylate
adduct [Co—CO,H]| instead, formed via a CPET pathway from
[Co—CO,] at pH < 8.6 (the pK, of [Co—CO,H] ). At pH 2 8.6 the SPET
regime is dominant and a dianionic CO» adduct [Co—CO,]*™ is formed
from [Co—CO,] (55).

Additionally to non-covalent adsorption, other strategies have been
developed to covalently attach and study Co-based porphyrins onto
carbon-based electrodes (37,56-61), and on reticular materials such as
MOFs (62—65) and COFs (18,19,66,67—69). These methods enable a
more direct translation of solution properties to the surface, and often allow
for better control of catalyst loading, film thickness, and the local pH
environment (37).
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Fig. 11 Selected examples of immobilized CoTPP using axial coordination by
4-aminopyridine anchored to the electrode (57,58).

First, for the covalent attachment onto electrodes, in many cases the
molecular catalyst reacts or coordinates with specific functional groups or
organic molecules introduced on the electrode surface. For instance, in
1991, Aramata and Enyo reported the electrochemical CO,R of a CoTPP
fixed on a glassy carbon electrode modified with 4-aminopyridine attached
to the electrode by a covalent amide bond (Fig. 11). The CoTPP-pyNH-
CO/GC electrodes exhibit high electrocatalytic activity and stability for
CO3R to CO in aqueous solutions at potentials 100 mV more positive
than those required by water-soluble CoTPP derivatives, achieving an
overall TON( > 10°. The increased electron density of the Co(II) center
facilitated by the pyridine ligand, enhances the catalyst’s performance (57).
Later, Aramata reported the functionalization of GC electrodes with
4-aminopyridine by direct anodic oxidation of the amine group, for further
coordination to CoTPP in the axial position (Fig. 11). Notably, the
modified electrode exhibits over 50% efficiency for CO production and
demonstrates remarkable stability with an overall TONgo > 105. This
enhanced performance is attributed to the increased electron density of the
Co(Il) center facilitated by pyridine coordination, which effectively sta-
bilizes the Co-CO, adduct and promotes efficient CO, electroreduction.
The study underscores the potential of molecular catalyst immobilization
via covalent bonding to improve the efficiency and durability of electro-
catalytic systems for CO,R (58). In another example, Hamers and Berry
reported the covalent attachment of a Co 5,10,15,20-tetrap-ethynylphe-
nylporphrin (CoT(alkyne)PP) onto azide-functionalized boron-doped
diamond electrodes through triazolyl linkages (Fig. 12). The system
showed electrocatalytic CO,R to CO for > 1000 cycles at —1.8 V with an
estimated TOF of 0.8 s~ '. The doubly reduced species was suggested as the
active catalyst and CO was the only product detected (61).
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Fig. 12 Anchoring strategy of CoT(alkyne)PP on boron-doped diamond electrodes
(61).

Fig. 13 Anchoring strategy of CoPP and CoTPP onto MWCNTs (70) and carbon cloth
(56), respectively.

Additionally, in another example, Ye and Han reported the covalent
grafting of CoPP onto CNTs for electrocatalyzed CO,R (Fig. 13). This
approach resulted in a highly dispersed catalyst with significantly improved
performance compared to traditional physically mixed catalysts. The
covalently linked CoPP@CNT hybrid exhibited an outstanding current
density of 25.1 mA/cm? and a FE of 98.3% at an overpotential of 490 mV,
with excellent long-term stability. This method enhanced the electron
transfer and catalyst-substrate interaction, leading to a higher TOF and
selectivity for CO, reduction, providing a promising strategy for designing
efficient molecular electrocatalysts (70). More recently, Jiang and cow-
orkers reported the covalent attachment of CoTPP-NH, to carbon cloth
using a phenylene linker, significantly enhancing the electrocatalytic
COsR to CO thanks to the increase of the electrochemically active surface
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density. The covalently immobilized CoTPP-NH, exhibited a 81% FE
for CO and a TOF of 8.3s ' at =1.05V vs NHE, surpassing the non-
covalently attached counterpart’s TOF of 4.55 ', with a cumulative TON
of 3.9 X 10° over 24 h, significantly outperforming other CoTPP and Fe
porphyrin-based catalysts. The study demonstrates that covalent attachment
via a conductive linker markedly enhances the electron transfer rate and
overall catalytic efficiency (56).

Following another anchoring strategy, Isaacs and coworkers reported
the polymerization of CoTAP on an indium tin oxide (ITO) electrode
within a ionic liquid medium (BMImBF,) for electrocatalytic CO5R,
resulting in an overpotential reduction from —2.4 V to —0.8 V vs. Ag/AgCl
and achieving a FE of 64.9%. This work underscores the potential of using
conducting polymers and ionic liquids to enhance the efficiency and
selectivity of CO; electroreduction (59). In an analogous study, Bocarsly
et al. reported the electropolymerization of CoPP thin films for the
electrochemical CO,R in aqueous media, achieving CO with a high FE of
84% at an overpotential of 450 mV. The research identifies the rate-
determining step as the initial one-electron reduction of the Co center due
to sluggish charge transfer kinetics. The study highlights the significance of
the local proton source and the importance of pH in optimizing the cat-
alytic performance, with the proposed mechanism involving proton-cou-
pled electron transfer (71).

More recently, Co porphyrins have been explored for photocatalytic
CO reduction to develop more sustainable methodologies based on earth
abundant elements and the use of water as solvent. In 2019, Cibian, Call,
Sakai et al. reported Co porphyrins for CO,R to CO in aqueous mixtures.
In a first study, the authors used a water-soluble CoTPPS porphyrin for
photocatalytic CO,R. in pure water using [Ru(bpy)s]** (bpy = 2,2'-
bipyridyl) as photosensitizer and ascorbate as a sacrificial electron donor
(Fig. 14A). The photocatalytic system achieved over 82% selectivity for
CO production and a TON of 926. At low catalyst loading the system
obtained 4000 TONg and 2400 h™' TOF o, although with some loss in
selectivity (72). In a follow up study the same group reported the photo-
catalytic CO,R with CoTM4PyP in combination with a water-soluble
Cu photosensitizer bearing sulfonate groups (3%*PSc,, Fig. 14B) and
ascorbate as electron donor. The system achieved high catalytic activity
with a TON of 2680 and a TOF of up to 2600 h™" and 77% selectivity for
CO. The high efficiency of the system was attributed to the multi-electron
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Fig. 14 Reported CoTPPS/[Ru(bpy)s]** (A) and CoTM4PyP/ 53PS, (B) systems for
photocatalytic CO,R-to-CO and the postulated mechanisms, respectively (72,73).

chargeable property of CoTM4PyP, which facilitates rapid electron
transfer and enhances CO production (73).

On the other hand, the development of reticular materials incorpor-
ating Co porphyrins for CO,R has led to significant results. In 2015 a
remarkable improvement in the catalytic performance was obtained by
incorporating a Co tetrakis(4-aminophenyl)porphyrin (CoTAP) as a COF
building block linked by organic struts through imine bonds reported by
the groups of Yaghi and Chang (Fig. 15) for the electrochemical CO,R to
CO in aqueous media. In particular, the authors integrated the CoTTP
units into COFs and used multivariate synthesis of frameworks containing
both catalytic cobalt and structural copper units, resulting in COF-366-
Co, and the expanded Co/Cu-COFs-367 COF-367-Co, COF-367-Co
(10%) and COF-367-Co(1%) (Fig. 15). These COFs exhibited high
activity, stability and selectivity for the electrochemical CO,R to CO in
water. In particular, COF-366-Co produced CO at —0.67 V applied
potential with high selectivity over competing proton reduction with a
FEco of 90% and 24 h stability obtaining 1352 TONco (34,000 TONco
per electroactive cobalt catalytic site), and 98 h™' TOF (2500 TOF per
electroactive cobalt catalytic site). These results show more than 10%
enhancement in CO vs H, selectivity over the molecular CoTAP ana-
logue. Moreover, at the same applied potential, COF-367-Co exhibited a
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Fig. 15 Representation of the metalloporphyrin-derived COFs based on CoTAP and
CuTAP catalytic centers reported by Yaghi and Chang (78), as well as the subsequent
electronic modulation of the COF-366-Co (74).

FEco of 91% during 24h with 3901 TONco (48,000 TONco per
electroactive cobalt catalytic site). The best results were obtained with
COF-367-Co(1%) achieving up to 290,000 TONo and initial TOF of
9400 h™" per electroactive side at neutral pH with an overpotential of
—0.55 volts, resulting in a 26-fold improvement in the catalytic activity
compared to molecular cobalt complexes, showing no degradation over
24h. The study highlights the advantages of modular and tunable COF
designs, facilitating enhanced catalytic properties and stability through
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spatial and electronic tuning, making them a promising platform for sus-
tainable clean energy applications (18). In subsequent study, the same
groups reported the effect of the electronic tunning of the CoTAP-COF
in the CO,R activity. The electronic character of the CoTAP-COF was
tuned by replacing the linkers and improving the catalytic activity (Fig. 7).
The activity and selectivity were correlated with the inductive effects of the
appended functionality and the electronic character of the reticulated
molecular active sites. The extent of this effect was proportional to the
electronegativity, and the number of functional groups installed (74).

Later, in 2021 Xu, Zhuang, Liu and coworkers reported the devel-
opment of a new COF incorporating crown ether B18C6 and CoTAP
units (CoTAP-B18C6-COF) for electrocatalytic CO,R to CO. The
crown ether units in the backbone of CoTAP-B18C6-COF played a
crucial role by enhancing the hydrophilicity of the frameworks and pro-
moting electron transfer from the crown ether to the Co-porphyrin. The
COF enhances the CO, binding ability, resulting in 93.2% FE for CO at
—0.90 V vs RHE, with a maximum TOF of 1267 h™ . Additionally, the
COF exhibits excellent stability and performance, significantly out-
performing other COF- and MOF-based catalysts. The study provides new
insights into designing effective electrocatalysts by integrating molecular
control methods and highlights the potential of crown ether-based COFs
in CO,R applications (66). In another example the Zhang group recently
reported metal (Co, Ni, Fe and Cu) TPP porphyrin-based COFs cova-
lently attached to multi-walled carbon nanotubes (MWCNTSs) were
reported as efficient catalysts for electrochemical CO,R. The MWCNTSs
facilitated electron transfer along the porphyrin planes to the immobilized
metal active sites. Consequently, covalently linked MWCNT-TPP-COF-
M (M: Co, Ni, Fe) showed improved electrocatalytic CO,-to-CO activity
and selectivity compared to pure Por-COF-M and MWCNT@TPP-
COEF-M without covalent connections between the components. Speci-
fically, MWCNT-TPP-COF-Co exhibited the highest catalytic activity
(99.3% FEco) in 0.5 M KHCOg3, higher partial current density and stability
in aqueous solutions, while MWCNT-TPPPor-COF-Cu achieved the
highest CH4 FE (71.2%) in 1.0 M KOH in a flow cell. However, HR TEM
and Auger spectroscopy results indicated that the high performance of
MWCNT-TPP-COF-Cu could be attributed to the formation of Cu-
based nanoclusters during electrocatalytic CO,R (75).

Within the field of reticular materials, in particular, the use of MOFs or
2D MOF nanosheets (or metal—organic layers; MOLs) are interesting
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Fig. 16 Representation of the structure and catalytic sites of MOF Al,(OH),CoTCPP
reported by Yaghi and Yang and the proposed mechanism (65). Reprinted with per-
mission from Kornienko, N.; Zhao, Y.; Kley, C. S.; Zhu, C,; Kim, D.; Lin, S.; Chang, C. J.;
Yaghi, O. M.; Yang, P. J. Am. Chem. Soc. 2015, 137, 14129, Copyright 2015 American
Chemical Society.

because they facilitate the exposure of the well-defined metal active sites
and allow for mechanistic studies (45,76). In this line, the first MOF for
electrochemical CO,R-to-CO in aqueous media was reported by Yaghi,
Yand and coworkers in 2015. They developed a CoTCPP cobalt-por-
phyrin-based MOF (Al,(OH),-CoTCPP, Fig. 16) that exhibited high
selectivity for CO selectivity (>76% FE) with a TON¢o 1400 per-cata-
lytic-site, and stable performance over 7 h. Mechanistic studies based on in
situ spectroelectrochemical analysis revealed a reduction of the Co(II) metal
centers to Co(I) throughout the MOF that subsequently reduced CO,.
The MOF structure’s modularity allows for precise functionalization,
optimizing active-site density and mass/charge transport, demonstrating
the potential for further enhancing MOF catalysts’ performance by
adjusting metal centers, linker units, and film thickness, highlighting
MOFs’ flexibility and promise in CO,R (65).

In a different example, Wang and Lin reported the development of
MOLs functionalized with CoPP and pyridine/pyridinium (py/pyH")
units (TPY-MOL-CoPP, Fig. 17), which significantly improves the
electrocatalytic CO,R to CO, minimizing the H, evolution reaction and
affording a high CO/H, selectivity ratio of 11.8 and a catalytic current
density of 1314 mA/mgCo at —0.86 V vs RHE. The study also revealed
that the local microenvironment around the CoPP centers can be precisely
tuned through the MOL structure, enhancing catalytic performance and
providing insights into the mechanistic role of pyridinium in CO,
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activation and reduction. The process resembles the second or outer
coordination sphere effects by forming a [pyH -CO, -CoPP]" species.
The addition of divalent cations (Ca>" or Zn®") decreased the CO selec-
tivity, attributed to the blockage of the terpyridyl units. In situ electro-
chemical diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) measurements provided evidence of the pyridine protonation to
form pyridinium units. In the proposed mechanism, the one-electron
reduction of CoPP to [CoPP] is followed by the CO, binding and
protonation, leading to the formation of the key [pyH -CO, -CoPP]"
adduct, which is stabilized by a pre-positioned pyridine moiety to favor
CO»LR over H, evolution. Then, a second electron reduction follows the
C-O bond cleavage, forming [Co(PP)(CO)]’, which undergoes CO
release, closing the catalytic cycle (77).

More recently Gu et al. reported ultrathin water-stable 2D-MOFES
nanosheets incorporating CoTCPP porphyrins anchored onto Zr-BTB.
These CoTCPP/Zr-BTB nanosheets demonstrate exceptional electro-
catalytic performance for CO, reduction, achieving a high TOF of
4768 h™" at —0.919 V vs. RHE, with a FE for CO (FECO) of 77.2% and a
total current density of 7 mA cm™>. Post-modification with various ligands
p-(aminomethyl)benzoic acid (PABA), p-sulfobenzoic acid potassium
(PSBA), and p-sulfamidobenzoic acid (PSABA) to tune the micro-
environment around the Co center using steric effect, resulted in a
improvement of the performance. The resulting CoTCPP/Zr-BTB-
PSABA exhibiting the highest FEco (85.1%) and TOF (5315h™") (78).
The study highlights the significant potential of 2D MOF nanosheets as
high-performance electrocatalysts for CO,R, emphasizing the benefits of
precise structural control and post-modification to enhance catalytic
activity and stability.

2.2 Phthalocyanine Co complexes

Co phthalocyanines have shown significant potential for application for
electrochemical CO,R. Despite studies indicated that CoPc is an inef-
fective electrocatalyst for CO,R in a homogeneous phase, its electro-
catalytic activity is significantly enhanced when attached to carbon mate-
rials and other electrodes, enabling effective use in an aqueous medium
(16,20,79-84). In 1974, Meshitsuka and colleagues published the first
report on a cobalt phthalocyanine (CoPc, Fig. 18) adsorbed on graphite
electrodes for the electrochemical CO,R in aqueous solutions (85). In
1977 Toshima and coworkers examined the electrocatalytic CO,R with
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homogeneous water soluble tetrasulfonated metal phthalocyanines
(MTSPc) in bufter solutions, finding that cobalt (CoTSPc) and nickel
(NiTSPc) derivatives were active and effective catalysts, while copper
(CuTSPc) and iron (FeTSPc) were not. Mechanistic studies pointed to a
two-step process: CO, adsorption forming a complex with the MTSPc at
around —0.8 V applied potential, followed by electroreduction at around
—1.2'V. Differential capacitance measurements supported this mechanism
(86). Later, Lieber and Lewis showed that carbon electrodes modified with
CoPc can efficiently catalyze the reduction of aqueous CO, to CO near
the thermodynamic redox potential, with high selectivity and minimal
byproducts. The modified electrodes exhibited significantly enhanced
stability and catalytic efficiency compared to homogeneous CoPc solutions,
achieving 90-95% FE and TOF > 100s . The authors performed pre-
liminary mechanistic studies suggesting an initial protonation step followed
by reduction and CO, attack (§7). In an analogous study, Harty and
coworkers reported PTFE-bonded carbon electrodes impregnated with
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CoPc for electrocatalytic CO,R to CO with high efficiency, while
electrodes with Mn, Cu or Zn phthalocyanine primarily produced formic
acid and hydrogen. The distinct electrochemical behaviors of the metal
ions account for the variation in products, with cobalt(Il) facilitating CO
formation via reduction to Co(I) (§8). A similar trend of CO production by
CoPc-electrodes was reported in 1989 by Matsui et al. They investigated
porous carbon gas-diffusion electrodes modified with 17 different metal
phthalocyanines for electrocatalytic CO,R. They found that the product
distribution and current efficiencies were highly dependent on the central
metal. Group VIII metals like Co and Ni produced mainly CO with a
current efficiency of nearly 100%. Sn, Pb, and In phthalocyanines yielded
formic acid, with Sn achieving about 70% efficiency at —=1.6 V. Cu, Ga,
and Ti phthalocyanines primarily generated methane with 30—-40% efti-
ciency (89). Another study was reported by Lever and coworkers, where
they developed a N,N’,N”N”-tetramethyltetra-3,4-pyridoporphyr-
azinocobalt(ll) (CoTM3PyPc, Fig. 18) immobilized onto a graphite disk
and protected by a Nafion® film for electrochemical CO,R to CO (90).
Later, in 1996, Kaneko et al. reported the coating of a graphite electrode
with cobalt octabutoxyphthalocyanine (CoPc(BuO)g, Fig. 18) for elec-
trochemical CO,R. The addition of alkoxide chains on the Co phthalo-
cyanine resulted on higher activity and selectivity for CO production
compared to non-substituted CoPc, which was attributed to the electron-
donating BuO substituents that facilitated CO, coordination and electron
transfer. Mechanistic studies based on in situ potential-step chron-
oamperospectroscopy (PSCAS) confirmed the formation of a one-electron
reduced species of CoPc(BuO)g under steady step. Moreover, the authors
proposed that a third reduction of the CO,-coordinated CoPc(BuO)g
intermediate was crucial for CO production (91).

Following another electrode-immobilization approach, in 1996,
Kaneko et al. incorporated CoPc into a coordination polymer poly-4-
vinylpyridine (P4VP) membrane coated on a graphite electrode for elec-
trocatalytic CO,R in aqueous electrolytes. The pyridyl groups of P4VP
served as anchoring points for CoPc through axial coordination to the
cobalt center. This system achieved enhanced electrocatalytic activity at
more positive potentials and with greater efficiency compared to pure
CoPc. The improved and sustained catalytic activity of the CoPc/P4VP
membrane was attributed to electron donation from the pyridine group to
the cobalt center, the proton-exchanging properties of P4VP, and
increased local CO, concentration in the P4VP layer due to hydrophobic
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permission from Liu, Y.; McCrory, C. C. L. Nat. Commun. 2019, 10, 1683, Copyright 2019
Springer Nature.

and acid-base interactions (92). Moreover, in acidic (pH ~ 5) conditions
the CO,R selectivity for CO was enhanced with a CO/H, selectivity ratio
of about 6 at —1.20V vs. Ag/AgCl, compared to neat CoPc. The
enhanced catalytic activity and selectivity was ascribed to the PVP’s basic
and coordinative properties that create a favorable environment around
CoPc, where the PVP provides a partially protonated environment around
the metal center. The study proposed a concerted protonation-deproto-
nation mechanism, with electron donation from the pyridine group to the
Co center enhancing catalytic activity, and suggested that a CoPc-CO,
intermediate accepts a third electron to produce CO (93). Following a
similar anchoring strategy, in 2026 and 2019 the group of McCrory further
investigated the effect of P4VP-polymer films coordination on CoPc on
the selectivity and the catalytic activity for electrochemial CO,R (94,95).
It was found that the P4VP membrane not only increased the rate of
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COsR but also suppressed the competing H, evolution reaction due to the
synergistic effects of axial coordination of pyridine residues to CoPc and
the secondary and outer coordination sphere eftects provided by the P4VP
matrix (Fig. 19A and B). The study showed that CoPc-P4VP exhibited a
FE of nearly 90% for CO production, with a TOF of 4.85™" at —=0.75 V vs.
RHE, positioning it among the most active molecular catalysts for CO,R
in aqueous solutions (94). In a follow up study, the same group studied the
effect of the modification of the coordinated polymer in the electrocatalytic
COzR mechanism using CoPc embedded in P4VP and derivative. Upon
mechanistic studies the authors provided evidence that the axial coordi-
nation of the pyridine residues in P4VP to the CoPc complex modifies the
rate-determining step of the reaction, resulting in increased activity.
Moreover, the polymer acts as a proton relay mechanism that suppresses
competitive H, evolution (Fig. 19C). These mechanistic insights offer
strategies for designing more effective CO,R electrocatalysts by mod-
ulating the coordination environment and proton transfer dynamics within
polymer-encapsulated systems (95).

To get further insight on the effect of the electrode catalyst loading in
the electrocatalytic activity, Manthiram et al. studied the effect of catalyst
loading (ranging from 5% 10™'% to 1 X 10”7 mol-cm ™) and dispersion on
the CO,R activity of CoPc drop-casted on oxygen-functionalized carbon
paper. The authors found that lower catalyst loadings and higher dispersion
levels help reduce transport limitations and avoid aggregation, significantly
enhancing the TOF (96). In another example, Wang, Liang and coworkers
used hybridization of CoPc on CNTs to minimize catalyst aggregation.
This was translated into higher electrochemical CO,R-to-CO activity and
better stability compared to their molecular counterparts due to the pre-
vention of molecular aggregation and enhanced charge transport (97).

These studies show that the immobilization of CoPc on electrodes not
only prevented catalyst decomposition but also ensured sustained catalytic
activity, making this approach a promising avenue for efficient electro-
chemical CO,R. Therefore, immobilization of cobalt phthalocyanines
complexes onto electrodes for electrocatalytic CO,R has been a promising
strategy to make more efficient electrocatalytic CO,R  catalysts
(12-14,20,24,87-90,93,98—101).

Another important factor in the modulation of the CO,R catalytic
activity is the modification of the steric and electronic eftects of the at the
metal center by ligand modification. For instance, Wallace, Officer and
coworkers showed that the steric modification of CoPc immobilized on
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chemically converted graphene (CCG) via m-m stacking to a sterically
hindered cobalt(Il) octaalkoxyphthalocyanine (CoPc-A), enhanced the
electrocatalytic CO,R  activity (Fig. 20). This modification suppressed
phthalocyanine aggregation on graphene, enhancing catalytic activity and
stability for CO,R to CO. The CoPc-A/CCG catalyst demonstrated a
significantly higher catalytic activity (TOF 55~ ' at 480 mV overpotential)
and maintained stable CO conversion over 30 h of electrolysis compared to
the unsubstituted CoPc/CCG catalyst. This enhanced performance is
attributed to better dispersion, reduced aggregation, and increased CO,
accessibility facilitated by the alkoxy groups, resulting in improved electron
transport and mass transport properties within the catalyst structure (102).
Enhanced catalytic activity and stability by the prevention of CoPc
aggregation was also reported by Li and coworkers by the immobilization
of CoPc thin films on MWCNTs synthesized by microwave-assisted
template-directed method. The CoPc/MWCNT exhibited 90% FE for
CO, a TOF of 49900 h™ ! at an overpotential of 0.5V, and stable long-term
operation for over 24h in 0.5M NaHCOj;. Density functional theory
(DFT) calculations revealed that the Co center was first reduced from
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Co(II) to Co(I), facilitating the formation of a CO, anion through charge
transfer. This anion then formed a COOH* intermediate via proton
transfer, which subsequently converted to CO* through a concerted
proton-electron transfer (CPET) step (103). Analogously, other electrode-
immobilization methods have been reported (12,13,20,29,24), such as
single-pot hydrothermal synthesis (104), solid-state polycondensation (105)
and direct electropolymerization (106,107).

Regarding the modification of the electronic eftects around the metal
center in Co phthalocyanines, it was observed that the introduction elec-
tron-withdrawing groups, like perfluorinated CoPc (CoFPc) and cyano-
modified CoPc (CoCNPc) (Fig. 18), further enhanced the electrochemical
COzR activity and selectivity, achieving high FE and efficient CO,R-to-
CO at lower potentials (108,109). Rodionov et al. showed that CoFPc
adsorbed on carbon cloth exhibited robust performance for concurrent CO
production and water oxidation, achieving high CO selectivity (FE 93%) at
—0.8 V vs. RHE at the cathode under neutral pH conditions. The fluorine
substituents not only positively shift the Coll/I redox potential but
also facilitate CO release, accelerating catalytic turnover. reduced CO2-
to-CO (108) reported CoCNPc functionalized MWCNTs (CoCNPc/
MWCNTS) resulted in higher selectivity for CO2-to-CO (FE 98%) at
lower overpotential and high current densities (~15 mA cm ?) at —0.63 V
vs. RHE (109). Other ligand modifications have been reported. For instance,
Berlinguette, Robert and coworkers developed an electrode-immobilized
CoPc derivative with one trimethyl ammonium (positively charged) and
three tert-butyl groups appended to the periphery of the Pc macrocycle (Co
(TMA)(tBu);Pc, Fig. 18). Co(TMA)(tBu);Pc showed highly active and
selectivity (91% FE) for electrocatalytic CO,R to CO in a wide pH range
from 4 to 14 with over 10 h stability. Its enhanced reactivity was attributed to
the through-space interactions between the negative charge of the O atoms
in CO, and the positive charge of the trimethyl ammonium substituent of
Co(TMA)(tBu);Pc. These interactions facilitated not only the reductive
coordination of CO; to the central Co atom but also the cleavage of the
C—-O bond of CO, followed by CO formation (16).

On the other hand, there are limited studies on using metal phthalo-
cyanines for photocatalytic CO,R. In one example, Reisner et al. devel-
oped a polymeric cobalt phthalocyanine (CoPPc¢) with mesoporous carbon
nitride (mpg-CNx) for photocatalytic CO, reduction to CO in organic
solvents. This hybrid catalyst, converted CO, to CO under UV/Vis solar-
simulated light, achieving a TON of 90 after 60 h irradiation. It retains 60%
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phthalocyanine catechol linkers (CoPc) reported by Yaghi et al. Atom color scheme: C,
black; O, red; N, green; Co, orange; Fe, blue polyhedra. Hydrogen atoms and chlorido
ligands (section S3) are omitted. The anionic charge of [Feg(OH,)4(CoPc);]®~, MOF-
1992, is balanced by the presence of [X]" counterions (X = Mg>* or Fe**). Reprinted
with permission from Matheu, R.; Gutierrez-Puebla, E.; Monge, M. A,; Diercks, C. S.; Kang,
J.; Prévot, M. S.; Pei, X.; Hanikel, N.; Zhang, B.; Yang, P.; Yaghi, O. M. J. Am. Chem. Soc.
2019, 141, 17081-17085, Copyright 2019 American Chemical Society.

activity under visible light and shows moderate water tolerance. The
authors proposed that the in situ polymerization of the phthalocyanine was
crucial for controlling catalyst loading, as well as enhancing the photo-
catalytic efficiency (107).

Analogously to Co porphyrins, the incorporation of Co phthalocyanine
derivatives into reticular materials has further improved their activity and
efficiency for CO,R. Yaghi and coworkers reported the use of Co
phthalocyanine catechol building blocks to create a novel metal—catecho-
late framework (MOF-1992) for electrochemical CO,R. Confinement of
the CoPc onto the MOF framework (Fig. 21) resulted in more accessible
CoPc catalytic sites and an enhanced electronic communication between
the catalyst and the conductive surface, leading to a significantly higher
electroactive surface area than that of the previously reported reticular Co/
Fe catalysts. This resulted in a 3-fold improvement of the TOF for CO
production, achieving a FE of up to 97% (110). In an analogous study,
Tang and coworkers reported the decoration of the external surface of the
zeolite ZIF-90 with active Co tetraminonaphthalocyanine (CoTAPc)
units also produced a selective CO5-to-CO electrocatalyst. This system
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showed a large current density of 13 mA-cm > for CO production in
aqueous media at an overpotential of 0.86 V with a FE of 90%, with sig-
nificantly higher catalyst stability compared with the free phthalocyanine
molecule (111).

In addition to CuPc-based catalysts, CoPc-based catalysts have recently
been explored towards further CO,R beyond 2¢ (14,20,112,113). For
instance, Liang, Wang and coworkers reported a significant advancement
in the electrochemical reduction of CO,, demonstrating that CoPc
immobilized on CNTs could catalyze the six-electron reduction of CO; to
MeOH with high selectivity and activity. The authors proposed a domino
mechanism where CO, is first reduced to CO, which is subsequently
reduced to MeOH, with a FE over 40% and a partial current density over
10 mA-cm ™ ? at —0.94 V vs. RHE in a near-neutral electrolyte. However,
the catalytic activity declined over time due to the reduction of the
phthalocyanine ligand, a challenge that was mitigated by the modification
of the ligand with electron-donating substituents, resulting in improved
stability and performance for at least 12 h (773). In a parallel study, Robert
et al. systematically investigated the catalytic reduction of CO, to methanol
by CoPc on MWCNTs in aqueous electrolytes. They reported a sub-
sequent two-step process for the electrochemical CO,R-to-CO and sub-
sequent further CO reduction to methanol, achieving 95% FE for CO in
the first reduction, and further reducing it to methanol at pH 13 with an
overall FE of 19.5%. Mechanistic studies pointed to the formation of a key
formaldehyde intermediate, with the Cannizzaro reaction possibly con-
tributing to methanol production (14,20,114). Moreover, it is worth
noticing that the real potential of cobalt phthalocyanine was achieved when
operating under flow conditions using an aqueous electrolyte
(16,115,116). For instance, the groups of Robert and Berlinguette
reported the evaluation of CoPc in a tandem flow cell with nickel foam in
the anode led to excellent CO selectivity at industrially relevant current
densities (200mA-cm ) at an overall cell voltage of ca. 2.5V, while
maintaining high product selectivity, out-performing Ag nanoparticles as a
CO,R-to-CO reduction catalyst (117,118).

2.3 Corrole and corrin Co complexes

In 2002 Neta, Fujita, Gross and coworkers reported a Co corrole with a
5,10,15-tris(pentafluorophenyl)corrole ligand (Co™™*TPFC) for photo-
catalytic CO,R to CO in acetonitrile, using p-terphenyl (TP) as photo-
sensitizer and triethylamine (TEA) as sacrificial electron donor (Fig. 22).
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CoPh3PTPFC TP

Fig. 22 Representation of the Co corrole Co"™*PTPFC and the TP photosensitizer
reported by Neta, Fujita, Gross and coworkers (779).

The authors demonstrated that a catalytically active Co(I) intermediate is
formed and then it reacts with CO, to produce CO obtaining TONco
~300, unlike their porphyrin and phthalocyanine counterparts where a
more reduced species is required. The system also works under electro-
chemical conditions to reduce CO, to CO. In all cases H, was also formed
under catalytic conditions. These findings underscore the potential of
corroles as effective catalysts for CO,R in both electrochemical and
photochemical processes (119).

More recently, Schéfberger, Roy and coworkers reported the immo-

bilization of a CoFM3P

TPFC corrole-derivative functionalized with poly-
ethylene glycol (PEG) onto carbon paper electrodes for electrocatalytic
CO3R. The heterogenized system produced ethanol and methanol with a
FE of 47% and 59%, respectively, at —0.73 V vs. RHE applied potential.
Comprehensive investigations including isotopic “D- and 'C-labeling
monitored by GC-MS confirmed water as the proton source and CO, as
the source of carbon for the obtained CO,R-derived products. This
together with further spectroscopic NMR and EPR studies, IR-spectro-
electrochemistry (IR-SEC), and complementary control experiments
resulted in the proposed mechanism involving a Co''~CO,"~ intermediate
that was characterized by EPR, formed after the reduction of CO, by the
catalytically active Co(I) species. Then, Co"'~CO,~ would undergo
subsequent PCETs to form a HCO,H intermediate, which was analyzed
by NMR. Subsequent one-electron reduction and OH'™ dissociation leads
to a Co''stabilized HCO" intermediate that leads to a mechanistic
bifurcation. While one further PCET allows formaldehyde generation, a
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second one gives methanol as the main product. In the other direction,
dimerization yields oxaldehyde as a key intermediate that undergoes several
PCETs to give ethanol as the second most generated product. External
addition of OHC-CHO under the initial reaction conditions resulted in an
increased formation of EtOH and confirmation of its role as a key inter-
mediate (Fig. 23) (120).

Since hydrogenation of porphyrin rings during photochemical experi-
ments is a degradation pathway (37), Co corrins (By,) with fewer double
bonds cyanobalamine, hydroxocobalamine and cobinamide (Fig. 24)
were examined for photocatalytic CO,R in combination with TP as a
sensitizer and TEA as sacrificial electron donor. Similar to Co porphyrins,
reduction to form the catalytically active Co(0) species was needed to react
with CO,, producing CO, formate, and H, at higher rates (713 times
greater) than CoTPP under the same photocatalytic conditions and with
higher selectivity, producing more quantity of reduced products. A
selectivity of 31% CO was obtained for CoTPP, whereas higher selectivity
was obtained by the corrin complexes, 40% with hydroxocobalamin,
45% with cyanocobalamin and 53% with cobinamide (121).
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Fig. 24 Representation of the Co corrins cyanobalamin, hydroxocobalamin and
cobinamide for photocatalytic CO,R.

3. Non-heme macrocyclic, polypyridyl and
aminopyridyl complexes

In this section, we discuss three distinct families of cobalt catalysts:
non-heme macrocyclic, polypyridyl, and aminopyridyl complexes. These
catalysts share a common structural feature where the metal center is
coordinated by nitrogen-donor ligands, such as amines or pyridines, which
results in similar reactivity patterns.

3.1 Imino-aminopyridine complexes and related systems

In 1980, Ficher and Eisenberg reported one of the earliest examples of CO,
electroreduction catalysts based on metal complexes, the macrocyclic
complexes [Co(HMD)]** (Col, Fig. 25) (122). They showed that Col
mediated the electrochemical reduction of CO, at —1.6 V vs SCE, pro-
ducing as mayor products CO and H,. The Cobalt ‘cyclam-like’ complex
has a macrocyclic tetraazacyclotetradeca-7,14-diene that confers certain
stability, including low oxidation states due to the presence of imines.
Nevertheless, Col demonstrates lower selectivity for CO production
compared to the nickel derivative with the same ligand. However, pre-
sented an interesting feature the CO, binding constant to the one electron
reduce [Co']” intermediate (KCO, ~ 10* M) is significantly higher than
that observed with Ni-cyclam, by approximately four orders of magnitude
(123). Similar to the cyclam ligand, the presence of polar -NH groups is
essential for stabilizing the 1'-CO, ligand (124). Later, Fujita and co-
workers have made significant contributions to the study of CO, reduction
using Col as a model catalyst. Col served as a platform to characterize
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Fig. 25 Steps and intermediates involved in the CO, catalytic reduction process.

reaction intermediates. They isolated and characterized the [Co-CO,]"
adduct UV-Vis, FT-IR, "H NMR, laser flash photolysis, and pulse radi-
olysis (125-131). XANES (X-ray absorption near edge structure) spec-
troscopic studies determined that the electronic structure of the carboxylate
adduct was a cobalt(Il) with a CO, radical anion coordinated, [Co"
(CO, )" for the pentadentate complex and a cobalt(II)-CO, > for the
hexacoordinated  ([(MeCN)Co™(CO, ]") (132). This coordination
environment was similar to an earlier example (133) reported by reducing a
cobalt Salen complex (Co2, Fig. 26) with K and further reaction with CO,
([Co(pr-salen)K(CO,)THF],), where the CO, is bonded to the cobalt
atom by the Carbon and oxygen atoms to the K ions (134). Additionally,
an interesting bimetallic [Co-C(OH)O-Co]”" adduct was characterized in
the solid state by X-ray diffraction after sparging with CO, a solution
containing [Co']" formed by reduction with NaHg (135). After several
days, the reaction mixture produced the cobalt(I) carbonyl, [Co'-CO]",
another important intermediate (133,136).

Recent research with Col highlights demonstrated that bimetallic
intermediates are formed in situ from two singly reduced Col species
bridged by a CO, molecule (137). The presence of coordinating species,
such as formate anions, assists in the formation of these intermediates. This
bimetallic pathway provides access to elementary steps with lower energy
requirements, making the overall catalysis kinetically more facile compared
to the mononuclear pathway. Techniques such as pulse radiolysis time-
resolved infrared (PR-TRIR) spectroscopy, density functional theory
(DFT) calculations, and infrared spectroelectrochemistry (IR-SEC) were
used to characterize all major steps of the proposed catalytic cycle.

Numerous molecular catalysts with non-heme ligand platforms have
been developed for CO, to CO reduction (Figs. 25-26). An interesting
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Fig. 26 Selection of imino and aminopyridine complexes. S stands for solvent.

platform is the redox-active pyridyldiimine moiety (138) which requires
additional coordination, such as in its macrocyclic ligand version (Co3) to
show improved stability and catalytic performance (139-141). Peters and
co-workers further studied the bis(imino)pyridine Co3 complex as an
electrocatalyst, archiving a Faradaic efficiency of 45% and 30% for CO and
H,, respectively, in aqueous acetonitrile (142). In this system, a doubly
reduced intermediate facilitates the CO, binding, consistent with ligand’s
non-innocent nature. Further studies revelated that the bound -NH group
significantly stabilizes the Co-CO, adduct through hydrogen bonding
interactions (143). In a follow up study was explored the activation and
CO, reduction two different visible light sensitizers, [Ru(bpy)s]*" and [Ir
(ppy)s]- The research employs in situ FT-IR measurements and density
functional theory (DFT) calculations to understand the mechanistic path-
ways and electronic structures involved. The results indicate that the cobalt
complex undergoes reduction to form a carboxylate intermediate, with
further reduction leading to CO production when using a stronger
reductant like [Ir(ppy)s].

These works highlight the importance of the redox non-innocence of
the macrocyclic ligand in facilitating CO, activation and provides insights
into the role of the ligand in stabilizing the intermediate states, ultimately
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Fig. 27 Proposed mechanism for the electrochemical reduction of CO, by a bis(imino)
pyridine cobalt complex Co3 (746).

contributing to the efficient reduction of CO, to CO (144). Sheng and
Frei (145) also investigated the mechanistic pathways of CO, reduction
facilitated by Co3 using rapid-scan FT-IR spectroscopy and visible-light
sensitization. The study captures and identifies key intermediates, begin-
ning with a one-electron reduced CO, adduct [Co'-CO,*"|", which upon
receiving a second electron, transforms into a two-electron reduced [Co'-
CO, 1" complex (Fig. 27). This intermediate subsequently undergoes a
rate-limiting step to produce CO while regenerating the catalyst (145).
Although it is clear that the ligand presented a redox non-innocent nature,
the electronic structure of the reduced states it was been seen DFT
dependent.

Garza et al. (146) examined the CO,R mechanism of Co3, through
DFT calculations elucidated the selectively towards CO vs Hj. The
research demonstrates that the doubly reduced Co3 complex preferentially
binds CO, (—13.3 kcal/mol) over bicarbonate (—1.9 kcal/mol) or water
(—6.4 kcal/mo), facilitating the formation of CO through a sequence of
protonation and CO, interactions. This binding energy difference
underscores the catalyst’s preferential affinity for CO,, driven by electronic
and structural factors, including partial charge transfer from the catalyst to
CO; and hydrogen bonding interactions between the CO, oxygen and the
NH group in the tetraaza ring. The providing a detailed mechanistic
pathway aligns with experimental observations (146).

The pyridyldiimine moiety is versatile and covalent bridge ligands can
be obtained and the corresponding homobimetallic cobalt (Co3-Co3) and
heterobimetallic cobalt-zinc (Co3-Zn) complexes can be synthesized. In
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the study, the electrocatalytic reduction of CO, using the bimetallic
complexes demonstrate enhanced catalytic performance compared to their
monometallic counterparts. These bimetallic complexes exhibit enhanced
catalytic performance compared to their monometallic counterparts.
Specifically, the [Co3-Zn] complex demonstrates 2 orders of magnitude
larger TOF than the parent monometallic Co3 and 2 orders of magnitude
larger TOF,, and 6 orders of magnitude larger TOF,. This complex also
shows a more positive onset potential for CO, reduction. The improve-
ment in catalytic performance is attributed to the electrostatic eftects
exerted by the Zn>" cation, which enhances the stability of the CO,
adduct and facilitates electron transfer. The study highlights that the
incorporation of a redox-inactive Zn>" site into the bimetallic complex
significantly improves the overall catalytic activity and selectivity for CO,
reduction to CO. The role of intramolecular interactions and electrostatic
effects in modulating the redox properties and catalytic activity of these
bimetallic systems is emphasized, providing a quantitative framework for
understanding the enhancement in catalytic performance. The incorpora-
tion of redox-inactive metal sites, such as Zn>" in the [C03-Zn], offers a
promising strategy to enhance catalytic activity through electrostatic sta-
bilization of intermediates (147).

In a related study, Chen et al. investigated the product selectivity
changes in neat DMF by substituting Co with Fe in a N5 pentadentate bis
(imino)pyridine complex (Co4). They observed that Co4 primarily pro-
duced CO with a faradaic yield (FY) of 82%, while the iron counterpart
generated formate. This significant shift in selectivity is crucial for under-
standing and controlling catalytic processes to favor desired products (148).
From the same study, it was found that the cobalt complex demonstrated
an overpotential of 566 mV for CO production, based on the electrolysis
conditions (E.... = —1.5V vs SCE), whereas the iron complex exhibited a
remarkably low overpotential of 310 mV for formate production (E ... =
—1.25V vs SCE). The same selectivity was observed also under photo-
catalytic conditions. This underscores the importance of selecting the
appropriate metal center to optimize product selectivity and efficiency in
CO, reduction reactions.

The mechanism proposed for the CO,R is like the proposed for Co4,
where the metal complex is initially reduced by two electrons prior
reaction with CO,. Later, a study based on density functional calculations
was carried out to uncover the selectivity origin (149). Interestingly, both
complexes, Co4 and the iron homologous, the electronic structure that
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Fig. 28 Spin density plot for the formal oxidation states Co", Co!, and Co°.
Nevertheless, the spin population clearly shows that the reductions are ligand center.
A spin electron is shown in purple, and the b spin electrons are in green. Reprinted
from Zhang, Y.-Q.; Wang, Z-H.; Li, M.; Liao, R.-Z. J. Catal. 2022, 414, 277-293, with
permission from Elsevier.

better describes the systems upon two electron reduction is the oxidation
state (II) for the Co and Fe centers, while the ligand gets reduced in two
electrons (Fig. 28). The calculated mechanisms are similar than for Co3 but
suggest that the nucleophilic attack to CO, takes place by the double-
reduced catalyst (formally Co”) or the double reduced and protonated
ligand (Fig. 29) to generate the M-CO, adduct. Then, internal rearran-
gement leads to the first CO, protonation, followed by a second proto-
nation and C-O cleavage.

Another significant contribution came from the research on carbon
nanotube heterogenization of cobalt pyridyldiimine complexes. In this
work, derivates of cobalt complex Co3 functionalized with pyrene were
immobilized on multi-walled carbon nanotubes (MW CNTs) and tested in
an aqueous carbonate bufter (Fig. 26, Co3-L1 to Co3-L4). The hetero-
genized catalysts demonstrated outstanding stability with turnover numbers
exceeding 10,000 and turnover frequencies above 1.25~'. Notably, the
CO selectivity was over 97%, showcasing the potential for high efficiency
and specificity in CO,R (150). The enhanced performance was attributed
to the improved mass transport properties and facilitated electron transfer
provided by the MWCNTs and the impact of the surface microenviron-
ment on the redox properties of these complexes (151). This research
highlights the importance of immobilizing molecular catalysts on con-
ductive supports to develop robust and efficient systems for practical
electro- and photo-catalytic applications in CO, reduction.

Recently, McCrory and colleagues have introduced a series of non-
macrocyclic bis(pyridylmonoimine) complexes (Co5-Co7), where the
redox-active ligands significantly influence the catalytic performance and
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stability. When Broensted acid is absent or present in low concentrations,
Co5 exhibits low catalytic efficiency for CO, reduction to CO, with a
notable amount of formate produced. The team suggests that deprotona-
tion within the Co-CO; intermediate causes catalyst deactivation, resulting
in formate as a byproduct. Conversely, in the presence of acids (11MH,O
or 5.5M TFE), Co5 becomes an effective electrocatalyst for CO, reduc-
tion to CO. Their findings indicate that a rigid ligand backbone (Co5)
promotes planar metal dimerization of the catalytic at the Co(I)-Co(I) and
Co(I)-Co(0) formal oxidation state pairs, which produces more negative
catalytic onset, but higher catalytic activity than the more flexible ligands
Co6 and Co7. They also observed that more flexible ligands (Co6 and
Co7), imply more positive catalyst onset, but also an increase the affinity of
CO to the reduced cobalt complex, leading to catalyst deactivation
(152,153). The rigidity of the ligand was attributed as essential for
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achieving higher current and Faradaic efficiency for CO (FEco), with Co5
outperforming Co6 and Co7. Nevertheless, regardless of the bridging
flexibility of the studied bis(pyridylmonoimine) ligands, the ligand is redox-
non innocent and after a Co(II/I) metal center reduction, follows a ligand
center one (Co(I)-L/Co()-L ), oxidation state that reacts with CO,
(Fig. 30).

Cobalt complex Co8 (Fig. 31), utilizing a redox-active imino bipyridyl
pincer ligand, stands out among earth-abundant molecular catalysts for its
efficiency in catalyzing the electrochemical reduction of CO, to formate
with a commendable selectivity of 80% (154). The addition of water
improves formate production and reduces CO output but also increases H,
formation, although the Faradaic efficiency (FE) for H, production remains
below 20%. Comparatively, the symmetrical bis-imino pyridine analog
exhibited lower catalytic activity, attributed to reduced conjugation in this
system. These findings highlight the critical influence of redox-active
ligands on both the efficiency and selectivity of CO, reduction reactions
(CO,RR). Based on density functional theory (DFT) calculations and
experimental techniques (cyclic voltammetry (CV), electron paramagnetic
resonance (EPR), and infrared (IR) spectroscopy), a mechanism has been
proposed to explain the formation of both formate and carbon monoxide.
The proposed mechanism involves the reduction of the complex to Co°,
which is then protonated by water to form a Co(II) hydride species (CoH).
This hydride species reacts with CO, to produce a coordinated formate
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Fig. 31 Proposed CO and formate mechanistic pathways for the bis(pyr-
idylmonoimine) cobalt complex Co8.

intermediate, which subsequently dissociates, aided by water or solvent, to
regenerate the initial structure. Under anhydrous conditions, Co’ can
directly interact with CO, to form a CoCO, species, leading to CO
production. Both formate and CO pathways share the Co° and Co"”
intermediates, and the redox-active nature of the imino bipyridyl ligand
helps delocalize electron density from the metal center to the ligand,
favoring the formate pathway. Additionally, the CoH species has a low
hydridic character, reducing the likelihood of hydrogen evolution reaction
(HER) in the presence of water, thereby enhancing formate selectivity.

3.2 Amino-aminopyridine complexes

A large variety of cobalt catalysts based on aminopyridine ligand have been
developed since the first parallel publications of S. L.-F. Chan and C.-M.
Che research groups (Fig. 32, C09-Co032) (155,156). These pioneering
studies on aminopyridine cobalt complexes underscore the significance of
ligand design in achieving efficient and selective CO, reduction. They
provide foundational knowledge for further development and optimization
of molecular catalysts in this field. In the first report (2015), Chan et al.
introduced a cobalt complex supported by a tetradentate tripodal ligand
(TPA), demonstrating high efficiency in visible-light-driven CO,
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Fig. 32 Selection of aminopyridine complexes. S stands for solvent.

reduction. This complex, [Co(TPA)CI|[CI] (Co17), achieves a turnover
number (TON) greater than 900 over 70 h when combined with the
photosensitizer Ir(ppy); in COj-saturated acetonitrile with triethylamine
(TEA) as the electron donor. The system exhibits 85% selectivity for CO
production, underscoring the effectiveness of the TPA-supported cobalt
complex in catalyzing the reduction of CO,. Mechanistic studies, including
electrochemical analysis and time-resolved spectroscopy, revealed that the
cobalt complex undergoes reduction to Co(I) species, which then interacts
with CO; to form COj,-bound intermediates, ultimately leading to the
production of CO. These findings highlight the importance of ligand
design in enhancing the catalytic performance and stability of cobalt-based
molecular catalysts for CO, reduction (155).

Wang et al. (156) investigated a series of cis-[Co' (N4)Cly] complexes
(Fig. 32, Co12 — Co15), focusing on their catalytic activity in the pho-
tochemical and electrochemical reduction of CO, to CO. Among
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the studied complexes, cis-[Co"(PDP)Cl,] (PDP = 1,1'-bis(2-pyr-

idinylmethyl)—2,2'-bipyrrolidine) exhibited the highest catalytic efficiency.

Under electrochemical conditions, this complex achieved up to 96%

Faraday efficiency for CO production at —=1.70 V vs. SCE. In the photo-

catalytic system, using Ir(ppy)s as the photosensitizer and triethylamine as

the electron donor, the complex demonstrated a selectivity of up to 95%

for CO production. The mechanism involves the generation of a Co(I)

species through one-electron reduction, which is crucial for CO, activa-
tion. Ultrafast time-resolved absorption spectroscopy confirmed that
photoinduced electron transfer from the excited state of Ir(ppy)s to the
cobalt complex is a key step in forming the active Co(l) species. This study
provides detailed insights into the role of chelating N4 ligands in mod-
ulating the catalytic activity and stability of cobalt complexes for CO,

reduction (156).

In general, tetracoordinate aminopyridine cobalt complexes with neutral
ligands and c¢s coordination geometry and (Fig. 32, Co09-Co024)
(12,35,36,155,156—163) have shown catalytic activity for CO, reduction to
CO, modification with anionic groups or pentacoordianted ones also shows
promising results. These ligands are known for their high basicity and redox-
innocent nature, which facilitates the generation of highly nucleophilic Co(I)
intermediates that readily bind to CO,. The proposed mechanisms for those
systems closely resemble those of Ni-cyclam, beginning with the binding of
CO, to the corresponding M' intermediate, forming a metal-carboxylate
adduct (Fig. 4). Following two protonation steps and a single reduction
event, the C—O bond cleavage occurs, resulting in the formation of an M-
CO intermediate that subsequently releases CO (164—166).

Our group has specifically investigated the catalytic behavior of Co9 in
anhydrous acetonitrile and with small amounts of added water (0.5 M) (35).
Using IR-SEC, DFT calculations, and labeling studies, we identified the
formation of a [Co(I)-COJ+ species even at the non-catalytic Co(II)/Co(I)
reduction wave, indicating the process occurs even in the absence of
protons (Fig. 33). This finding has significant mechanistic implications:

e CO, binds to [Co(I)]" as can be seen in the CV shift.

e C-O bond cleavage occurs at low overpotentials, at the Co(Il/]) redox
wave.

o The resulting [Co"-COJ*" is single reduced to form the thermodynamically
more stable intermediate [Co'-CO]". The intermediate was detected by IR-
SEC (Vco = 1910 em ™) stretching band shifts 43 cm™ toward lower energy
under CO, (Fig. 33). DFT calculations show that the release of CO from
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Fig. 33 CV of Co9 (Left) CVs of Co9 (1 mM) in anhydrous TBAPFs/CH3CN (0.1 M)
solution at v =0.1V-s-1. (Top) Under Ar (black) and CO, (red). (Bottom) Under Ar
(black) and with added H,O (0.55 M) under Ar (blue) and CO, (green). Inset: X-ray
crystal structure of complex Co9; (Right) Top and middle: Experimental FT-IR-SEC of
XXX under CO (blue) and CO, (red) at ca. - 1.7 V ('CO, plane, *CO, dashed). Bottom:
Theoretical vco bands of Co9(I)-CO, Co9(1)-CO, and €C09(0)-CO ('>CO, red line, *CO,
dashed line) calculated at the B3LYP-D3(SMD)/6-31+G* level of theory. Reprinted
(adapted) with permission from Fernandez, S.; Franco, F.; Casadevall, C,; Martin-
Diaconescu, V.; Luis, J. M.; Lloret-Fillol, J. J. Am. Chem. Soc. 2020, 142, 120-133. Copyright
2020 American Chemical Society.

this intermediate is endergonic and contributes to the kinetic barrier of the
mechanism. Thus, we propose an alternative catalytic cycle that begins with
the one-electron reduction of [Co'-CO]", followed by CO, binding. Sub-
sequent protonation and reduction steps trigger C—O bond cleavage, resulting
in the formation of a Co biscarbonyl species [Co'(CO),|", which can dis-
sociate CO (Figs. 34 and 35, blue mechanism).

Co9 exhibits excellent catalytic performance under photocatalytic
conditions, which suggests that [Co"-CO]*" release CO prior [Co'-CO] "
formation. Studies of blue light irradiation under controlled potential
electrolysis conditions have shown a positive effect on the catalytic activity,
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Fig. 34 (A) Proposed reaction mechanism for the CO, reduction to CO catalyzed by
Co9. (B) Contour plots of the kinetic energy span 8Ep,n (color scale, kcal-mol™) of the
calculated reaction mechanism versus the applied reduction potential (horizontal axis,
V vs Fc/Fc*) and the pH (vertical axis). Regions A-F are delimited by dashed red lines,
and the dashed black line spares the thermodynamic (AG, < 0 kcal-mol™") regime from
the non-thermodynamic one (AGr > 0 kcal-mol™). (C) Gibbs energy profiles asso-
ciated with regions A and B. Reprinted (adapted) with permission from Fernandez, S.;
Franco, F.; Casadevall, C.; Martin-Diaconescu, V.; Luis, J. M.; Lloret-Fillol, J. J. Am. Chem.
Soc. 2020, 142, 1, 120. Copyright 2020 American Chemical Society.

but also in the selectivity, and durability. A way to rationalize the results is
to consider that light can generate an exited state at the cobalt carbonyl
intermediates, labializing the Co-CO bond, promoting the CO dissocia-
tion, which explains the differences in catalytic activity between photo-
and electrocatalytic conditions. This light irradiation effect is even more
pronounced for complex Co10 as it can be clearly seen in CV-light
chopped experiments (Fig. 36). Moreover, the catalytic CO production
was observed at the Co(I)/Co(I) redox potential (36).

Interestingly, the -NH groups in Co10 plays a role (36), since the
methylated counterpart Co11 shows a worse catalytic performance. The
role of second coordination sphere effect of pendant -NH groups was
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and under 447 nm light irradiation (blue). Conditions: CO, atmosphere in TBAPF¢/
CH5CN (0.1 M) with a 10% of added H,0 over a GC WE disk (2=0.1 cm) for CV and rod
(A=1.8 cm?) for CPE. Reprinted (adapted) with permission from reference Ferndndez, S.;
Canellas, S.; Franco, F.; Luis, J. M.; Pericas, M. A.; Lloret-Fillol, J. ChemElectroChem, 2021,
8, 4456-4465, Copyright 2021 Wiley-VCH GmbH.

investigated previously by Marinescu and co-workers with the macrocyclic
tetrapyridine-based Co catalyst (Co25) (167). Like in our case, the fully
methylated counterpart (C026) shows worse catalytic performance
(168,169). By DFT calculations, the origin of the catalytic differences was
attributed to an intramolecular hydrogen bonding interactions with the
TFE forming a [Co"-CO,H-TFE] adduct (Fig. 37). This result differs from
previous proposal, where the expected stabilization of the #'-CO, ligand in
the Co-CO; adduct is proposed as direct interaction with the -NH groups
of the ligand.
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Fig. 37 Proposed mechanism for the CO,R to CO electrocatalyzed by Co25.

Few catalytic systems incorporating cobalt complexes with aminopyr-
idine ligands and anionic ligands have been explored (Fig. 32, C028-35)
(170-172). Among these, the Co28 complex, featuring a pentadentate
ligand with an oxygen atom at the cis-coordination site of the labile Cl
ligand, demonstrated photocatalytic activity using Ir(ppy); as the photo-
sensitizer and Et;N as the electron donor under visible-light irradiation.
The presence of water in the system facilitated the conversion of 2H" to
H, and CO, to HCOOH (171). In a CH3CN solution without water, the
primary products were CO (80%) and H, (20%), achieving a total TON
of 114. In contrast, using a CH3CN/H,O mixed solution with a v
(CH;3CN):v(H,0) ratio of 5:1, the highest total TON of 303 was
observed, with a product distribution of 18.8% CO, 60% Hj, and 21.2%
formate. Complex Co029 proved to be an exceptional cobalt-based
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photocatalyst for CO, reduction in aqueous media, exhibiting significantly
higher photocatalytic activity for CO production (TON = 41,017 and
TOF = 3.80s ') compared to most reported homogeneous catalysts. This
result was achieved using [Ru(bpy);]*" as the photosensitizer and TEOA as
the electron donor (172). Complexes Co30-Co032 were also capable of
reducing CO,, despite their slightly different coordination environments,
though with more moderate catalytic activity (170).

3.3 Catalysts based on polypyridyl ligands

Complexes are based on ligands such as 2,2'-bipyridine (bpy), 2,2":6,
2"-terpyridine (tpy), 2,2':6',2":6",2"-quaterpyridine (qpy) and their
derivatives (Fig. 38) have some characteristic properties due to the nature
of the ligand. Those systems tend to be redox non-innocent and the
polypyridyl moiety makes them less basic than aminopyridine ligands, both
features provide a stabilization of the reduced species, that is going to be
reflected in the CO,R reactivity.

Fontecave and colleagues investigated the catalytic behavior of a series
of homoleptic terpyridine (tpy) first-row transition metal complexes.
Among these, the [Co(tpy)]*" complex (Co33) exhibited catalytic activity
tor CO, reduction, achieving a Faradaic efficiency of approximately 20%
(173). For the Co33 complex, the initial electrochemical process is metal-
centered, while the subsequent process is ligand-centered. By rationally
substituting the tpy ligand with electron-donating tert-butyl (tBu) groups,
the researchers minimized the hydrogen evolution reaction, thereby
enhancing the selectivity for carbon monoxide (CO) production (174).
The proposed electrocatalytic cycle for the reduction of CO, and protons
(H") by Co33 is depicted in Fig. 39. This cycle involves the formation of
active species following the dissociation of a neutral tpy ligand.

The non-redox innocent character is also observed in ligands with
bipyridine. For instance, Fujita and co-workers explored the trigonal
bipyramidal cobalt complex Co34, whereas the active species that react
with CO, are better represented by the [Co'L""] electronic structure. Like
complex Co033, the proposed active species is a cobalt zero, but with the
ligand reduced by one electron. The catalytic cycle is triggered by the
bidding of CO, at the [Co'L""]. This behavior is also observed for catalyst
Co35 and it seems the general behavior of these Co catalysts is based on
non-innocent ligand behavior (Co2-8, Co33-48) (175—183).
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Co47

Fig. 38 Selection of CO,R electrocatalysts based on polypyridyl ligands.

3.3.1 Quaterpyridine ligand and derivates

A noteworthy family of catalytically active cobalt complexes are those
based on the quaterpyridine ligand and derivates. Robert, Lau and co-
workers showcase that the polypyridine Co complex Co43 was highly
active (TOF,, of 3.3-10* s_l) and selective to produce CO in acetonitrile
when used as a Bronsted acid (PhOH, 3 M) at low overpotential (300 mV)
(184). When the catalyst was supported on MWCNTS the catalyst activity
and selectivity was extraordinary in aqueous media (pH 7.3). The het-
erogeneized molecular catalysts has a CO selectivity close to 100% in the
overpotential range of 240—440 mV (185). The authors proposed an EEC
mechanism for Co43 based on electroanalysis (Fig. 18) (186), which was
corroborated by a computational mechanistic study lead by Head-Gordon
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Fig. 39 Simplified version of the proposed mechanism for the electrochemical CO,
and H* reduction catalyzed by Co33.

and co-workers, and by G. Dai and co-workers (187,188). From the
orbital analysis of one- and two-electron reduced species, they conclude
that the second reduction over Co43 is delocalized onto the metal through
metal-ligand bonding interactions. With respect to the metal-carboxylate
adduct, according to the DFT analysis, the Lewis acidic character of Co
favors the '-CO, coordination mode (Fig. 40).

In the following study, it was showed that the cobalt-quaterpyridine
(Coqgpy) molecular complex can be covalently linked to mesoporous gra-
phitic carbon nitride (mpg-C3N4). This hybrid material combines the
stability of the semiconductive mpg-C3;N, with the catalytic efficiency of
the Co43 complex, achieving a high selectivity for CO production (98%).
The catalyst demonstrated remarkable durability, maintaining its activity
over 4 days of continuous irradiation, producing approximately 500
turnover number (TON). Efficient electron transfer from mpg-C;Ny to
the cobalt catalyst was identified as a key factor for its high catalytic per-
formance. Additionally, the catalyst demonstrated excellent recyclability,
maintaining its efficiency over multiple cycles (189). Interestingly, the same
catalyst showed highly efficient visible-light-driven system for the reduc-
tion of CO, to CO in water when using an organic triazatriangulenium salt
as the photosensitizer. The system employs BIH (1,3-dimethyl-2-phenyl-
2,3-dihydro-1H-benzo[d]imidazole) and TEOA (triethanolamine) or TEA
(triethylamine) as sacrificial reductants. In a COs,-saturated acetonitrile
solution under visible light, the catalyst achieved a turnover number
(TON) of over 3700 to produce CO and formate. Adding water enhanced
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Fig. 40 An experimental-based mechanistic proposal for the electrochemical CO;R
catalyzed by Co43.

the catalysis, directing it primarily towards CO production, achieving a
TON of 19,000 with 93% selectivity for CO (190). These studies
underscore the potential of combining molecular catalysts with photo-
sensitizers and semiconductive materials to develop highly active and
durable systems for visible-light-driven CO,R.

Based on the based flat and rigid cobalt-quaterpyridine geometry,
complexes Co44—Co48 were developed. In those systems, the observed
efficient electrocatalytic activity like Co43, but complex Co44, reported
by Tsubonouchi et al. is highly selective electrocatalyst for the reduction of
CO, to formic acid in DMEF solution with 2% of water. The CV studies
revealed two reversible redox responses at —1.42V and —2.32V vs.
Fc/Fc", which correspond to the Co(II)/Co(I) and Co(I)/Co(0) transi-
tions, respectively. The catalytic CO2 reduction in the presence of 2.0%
water demonstrated high efficiency, with a Faradaic efficiency (FE) of 68%
for formic acid (HCOOH) production. This study highlights the potential
of quaterpyridine type ligands for developing CO,R to formic acid cata-
lysts, although the mechanism in the case was not investigated in detail
(179,183,191).

3.4 Catalyst design to control selectivity with non-heme
macrocyclic, polypyridyl and aminopyridyl complexes
As briefly described in the introduction, a key issue in the development of
catalyst for CO,R is to have good control over product selectivity. One of
the reasons for the challenge is the large variety of products that can be
formed within close thermochemistry. The thermodynamic energies span
from the 2 to the 8 electrons CO, reduction products are within less than
400 mVs, being also the hydrogen evolution reaction at about the center of
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the span range (Table 1). Therefore, producing a chosen product requires a
precise thermodynamic control of reaction intermediates, energy barriers
and reaction pathways. Thermodynamic consideration to control the
reaction selectivity has been previously discussed (133,192,193). For
instance, the free energy of protonation or formation of the metal car-
boxylate are directly related to the electron-density of the metal centers.
The competition between protonation and CO, activation is a major
challenge for achieving high selectivity. Then, the metal hydride proto-
nation to form H, is pka dependent by the reaction with CO, not.
Therefore, only based on thermodynamic considerations can the reaction
of the M-H against protons or CO,, while more challenging is the reaction
of the low oxidation state with protons or CO,. In this regard, controlling
the energy of the kinetic barriers is paramount. Natural enzymatic systems,
such as the carbon monoxide dehydrogenase (CODH) enzyme, which
efficiently catalyzes the reversible reduction of CO, to CO, employs the
cooperative interaction between Ni and Fe in CODH’s active site as a
strategy for achieving efficient catalysis (194). Likewise, secondary inter-
actions can be seen as a powerful concept of cooperative activation, to
stabilizes the CO,-bound intermediate, as a means to lower the activation
energy and enhance catalyst performance. Systems that employ similar
strategies to improve activity and selectivity. Well-known strategies are
introducing hydrogen bonding (33,129,195-198) and electrostatic inter-
actions (199-201) to stabilize metallo-carboxylate intermediates, favoring
the pathway towards CO and bimetallic CO, activation (202-206).
Non-heme macrocyclic ligands with aminon imino and pyridyl ligands
are synthetically flexible, resulting as an ideal platform to design, implement
and test these concepts. In this regard, an early example of secondary inter-
action was reported by Sutin and co., where they structurally characterized a
dicobalt carboxylate complex based on a cyclam type macrocyclic ligand,
indicating bimetallic CO; activation (Fig. 25, Section 3.1) (126,207). Inter-
estingly, Robert, Lau and coworkers have investigated metal-metal coop-
eration to force selectivity. In this case, the selectivity was towards formic
acid. The authors reported a dimeric version of the active CO,-to-CO
reduction [Co(qpy)]>" electrocatalyst. Using a xanthene bridging scaffold,
two [Co(qpy)]”" moieties can be disposed parallelly (Co49, Fig. 41) (208).
Under basic photocatalytic conditions, formate was generated selectively.
However, in the presence of phenol, the selectivity shifts towards CO. In situ
IR-SEC revealed a new reaction intermediate, a 4¢ reduced CO, adduct
stabilized by the second Co center, which is proposed to act as a Lewis acid.
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This intermediate was proposed to be common for both, the formation of
CO and HCO,  (Fig. 41). Under acidic conditions, the typical protonation
is followed by C-O bond cleavage, while under basic conditions, potential

further reduction leads to carbon protonation, or allowing certain reagent

leading to the formate. In a followed-up study showed that the homo-

bimetallic copper bis-quaterpyridine complex also produce formate with

good selectivity 60%. However, the mechanistic studies reveal that the

cooperativity between the two copper centers facilitates the formation of a



64 Carla Casadevall and Julio Lloret-Fillol

bridging hydride intermediate in the presence of a proton source (water),
which subsequently reacts with CO, to produce formate (209).

Lu and co. synthesized a binuclear cobalt cryptate catalyst, CoCo50,
CoZn51 and ZnZn52 to study the metal-metal cooperation to activate
the CO,. Under photocatalytic conditions, CoCo050 produced CO with
98% selectivity, resulting in a high turnover number (TON) of 16,900 for
CO. In contrast, the corresponding monomer, under the same conditions,
achieved a TON of only 1600 with 80% CO selectivity. The high catalytic
activity of CoCo50 is attributed to the synergistic effects between the two
cobalt centers, which were further enhanced by substituting one Co>"
center with Zn”". This modification resulted in a significant increase in the
TON for CO to 65,000 when CoZn51 was used as the catalyst (Fig. 41),
while the ZnZn52 complex was virtually inactive (210). The mechanism
for the photocatalytic reduction of CO, by these bimetallic complexes was
proposed by DFT calculations. First, the cryptate complex can absorb one
CO; molecule to form a bicarbonate-cryptate species (like Co53), which
then undergoes proton-coupled electron transfer to generate [M"Co'
(CO3H)J**. Further protonation of [M"Co'(CO3H)]*" leads to the loss of
H,O, forming [M"Co'(CO,)]>". Intramolecular two-electron transfer
from the Co' site of to the coordinated CO, followed by a proton-coupled
electron transfer forms [M"Co"(COOH)]’*. Interestingly, the synergistic
interaction of the two metals (M and Co) facilitates the cleavage of the
C—O bond, by the Co(Il) oxidation state, producing [M"(OH)Co"
(CO)**, which releases CO.

Recent studies have underscored the significant role of thiolate ligands in
enhancing the catalytic performance of cobalt complexes for CO, reduction.
Thiolate groups contribute to increased electron density at the metal centers,
which is crucial for the activation of CO,. In the work by Dey et al., a
cobalt-dithiolato complex (Co055) exhibited high selectivity (~95%) and low
overpotential (70 mV) for the reduction of CO, to CO. The thiolate ligands
not only facilitated CO, activation but also played a vital role in protonation
processes that lowered the overpotential and ensured efficient proton transfer
(33). Similarly, in the research on cobalt-pyridine-thiolate complexes, the
thiolate ligands were pivotal in stabilizing the Co(ll/I) redox states and
enhancing proton-coupled electron transfer (PCET) mechanisms, leading to
efficient formate production with low overpotential (211). Another study on
a cobalt-pyridine-thiolate complex for CO,R to CO demonstrated high
turnover numbers and selectivity, attributed to the thiolate ligands’ ability to
stabilize intermediates and facilitate the reduction process (212).
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Furthermore, investigations into homobimetallic complexes for visible-light-
driven CO,R revealed that thiolate ligands enhance electron density at the
metal centers, promoting CO, activation. The cooperative interactions
between the metal centers, aided by the thiolate groups, significantly
improved the catalytic activity and selectivity for both CO and formate
production (213).

Another strategy is the inclusion of hydrogen bonding with NH groups
surrounding the catalytic site. As introduced before, when the catalysts
have NH groups coordinated to the metal or have difficulty interacting
with the metal site, the observed selectivity is towards CO (Col, Co3,
Co4, Co56 and Co57). However, tailoring the second coordination
sphere and having the NH group at the appropriate distance could drive to
changes in product selectivity. In 2017, Artero and coworkers described
new cyclopentadienyl cobalt complexes based on diphosphine ligands
functionalized by pendant amine groups (Co54) (214). The pendant base at
the ligand leads to TS where the hydride is transferred (Fig. 41) through
hydrogen bond interactions with a H,O molecule, enabling a high selec-
tivity towards formate production (98% FEycon-).

4. Future perspectives and conclusions

The future of CO, reduction catalysis with molecular complexes lies
in addressing full understanding of the reaction mechanism. However, the
complex nature of the CO,RR yields multiple products, complicating the
generalization of reaction mechanisms. In this regard, coordination com-
plexes are ideal chemical entities to be studied and evolved. The new
spectroscopic computational and high throughput techniques part of
the CO,RR have shed light into some aspects of the mechanisms, are the
design of some families of catalysts can be rationale, providing faster,
more selective and durable catalysts. Leveraging design principles can
enhance further our capacity of design. For instance, in the reduction of
CO; to CO, tuning electronic effects has shown that catalysts with lower
overpotentials typically operate at slower rates. To overcome this, strategies
that introduce hydrogen bonds or electrostatic interactions have been
employed to stabilize M-CO, intermediates and facilitate C-O bond
cleavage. This through-space stabilization of key intermediates or transition
states is crucial for enhancing reaction kinetics, even at lower over-
potentials. Although examples of logically tuned catalysts to influence the
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critical steps of the catalytic cycle are limited, these principles are applicable
to CO; reduction to formate, suggesting a need for more rational designs
to improve selectivity. The field of CO, reduction involving more than
two electrons is still emerging, with mechanisms and strategies not yet
well-defined. Nonetheless, advancements in mechanistic understanding
have proven to be powerful tools in improving CO, reduction catalysis.

All this progress has been translated into advanced catalysts. However,
although turnover frequencies measured are in the order of millions, turn
over numbers are in the order of the tens of thousands, and catalyst, in the
best cases last for about 100 h. Photocatalytic systems usually operates at
almost homeopathic concentrations, which difficult their applications to
energy production or synthetic problems, but may have a niche in bio-
logical applications. Regarding electrocatalysts, remarkable progress has
been made during the last 10 years. Current densities higher than 100 mA
have been achieved directly rivaling with heterogeneous catalysts.
Nevertheless, the performance is not at the level needed for industrial
application, which is very demanding in terms of durability and activity per
catalytic site but also per utilized physical space. Additional understanding
of the operative mechanisms and decomposition pathways can help to
design a new generation of better catalysts with improved performances.
Truly, cobalt complexes for CO, reduction have tremendously evolved
during last decade, showing that are excellent systems to be study spec-
troscopically and therefore unraveling its behavior, key intermediates,
pitfalls as well as the thermodynamic and kinetic parameters. To advance in
the field, more progress is needed in the following key areas:

Innovations in ligand design, multifunctional systems: Continued
exploration and development of new ligand frameworks are essential for fine-
tuning the electronic properties and stability of metal complexes. Combining
several key secondary interactions, such as hydrogen bonding and electrostatic
stabilization, will be critical in enhancing catalytic activity and selectivity
further. Furthermore, ligands that can provide a robust secondary coordination
sphere to stabilize intermediates and transition states beyond the simple sta-
bilization of metal carboxylates will be crucial for advancing CO, reduction
catalysis. Such as, exploring bimetallic systems and cooperative interactions
between metal centers offers a promising strategy for improving catalytic
performance. The incorporation of redox-inactive metal sites to enhance
electron transfer and stabilize CO, adducts has shown significant potential.
Further research into the synergistic effects of different metal combinations will
help in designing more efficient and selective catalysts.
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Mechanistic insights: Gaining a deeper understanding of the
mechanistic pathways involved in CO, reduction is vital for the rational
design of catalysts. Advanced spectroscopic techniques, coupled with
computational modeling, will play a significant role in elucidating the key
steps and intermediates in the catalytic cycles. This knowledge will enable
the development of catalysts with optimized performance and tailored
selectivity for desired products.

Selective multi-electron reduction: Achieving high selectivity for
higher-order reduction products, such as methanol and formaldehyde,
remains a significant challenge. Future research should focus on under-
standing and controlling the reaction pathways for multi-electron reduc-
tions. The design of catalysts that can selectively produce specific products
while minimizing by-products will be key to the practical implementation
of CO; reduction technologies.

Enhancing the stability of CO, reduction catalysts is critical
for their practical application. This involves not only improving the
inherent stability of the catalytic materials but also developing strategies
to protect and regenerate catalysts during operation. Studies should
focus on understanding degradation mechanisms and designing catalysts
that can resist deactivation over long periods. Reticular materials, such
as covalent organic frameworks (COFs), represent a promising strategy
for improving catalyst stability and performance. COFs offer a highly
tunable platform with well-defined porosity and surface areas, facil-
itating the incorporation of active metal sites and promoting efficient
mass transport. The stability and modularity of COFs make them ideal
candidates for supporting molecular catalysts and enhancing their dur-
ability in CO, reduction processes. COFs can provide a robust and
stable environment for catalytic centers, preventing aggregation and
leaching while maintaining high activity. The integration of COFs with
molecular catalysts can lead to the development of hybrid materials that
combine the advantages of homogeneous and heterogeneous catalysis,
such as well-defined active sites and ease of separation. Moreover, the
number of catalytic sites per geometric surface area can be very large due
to its intrinsic reticular structure, providing highly dense electrodes
which can deliver high current densities.

Integration with renewable energy sources: The development of
catalysts that can efficiently operate under visible light or in conjunction
with renewable energy sources such as solar or wind is crucial for sus-
tainable CO, reduction. Photocatalytic and electrocatalytic systems that
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leverage renewable energy will be central to large-scale applications. The
integration of these systems into practical devices and reactors will require
advancements in catalyst stability and durability. Transitioning from
laboratory-scale studies to industrial applications will require the immo-
bilization of molecular catalysts on conductive supports and the design of
robust catalytic materials that can withstand long-term operation. A holistic
approach and system integration into functional materials, devices (full
electrochemical cells) and CO, capture will be essential for real-world
applications.

In summary, the rational design of cobalt complexes with tailored
ligand frameworks, informed by mechanistic insights, offers a promising
path forward for developing efficient and selective CO5 reduction catalysts.
Continued research and development in this area are crucial for advancing
sustainable CO, utilization technologies and contributing to global efforts
to mitigate climate change. The future of CO, reduction catalysis lies in
the integration of these advanced molecular catalysts into practical systems,
enabling large-scale applications and driving the transition to a carbon-
neutral economy.
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