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Mechanistic Insights of Photocatalytic CO, Reduction:
Experimental versus Computational Studies

Anna M. Masdeu-Bultd,”’ Mar Reguero,* and Carmen Claver*®

To stop the global warming, a complementary alternative to
the decrease of CO, production is the reduction of its amount
in the atmosphere by capture and transformation into consum-
er products. One of the most interesting primary products is
CO, used to synthesise liquid fuels. Perhaps the most attractive
way of reducing CO, to CO is the photocatalytic route. To know
the details of the mechanism of this reaction can help in the

1. Introduction

The energy demand is continually growing due to the rapid
growth of the world’s population together with the increasing
level of industrialisation and development. Nowadays energy
production comes mainly from fossil fuels with the consequent
production of carbon dioxide (CO,) and the well-known
problems that it entails. In 2019 fossil fuels still supplied 84 % of
the world’s energy consumption." In addition, fossil fuels are
the main source of raw materials for plastics, fertilisers,
chemicals, and pharmaceuticals.

Anthropogenic CO, emissions are estimated at 35 Gt per
year. This amount cannot be absorbed by the plant’s photosyn-
thesis and has led to a concentration of above 400 ppm of CO,
in the atmosphere.” Being CO, one of the gases that generate
the greenhouse effect, the increase in its concentration is
considered to contribute to climate change, which is reflected,
for example, in the rise of the global temperature of the planet.
Recent climate summits (Kyoto 1992, Paris 2015 and Chile-
Madrid 2019 and the Glasgow Climate Change conference
2021) have concluded that carbon dioxide emissions should be
reduced by 45% by 2030 and reach a net-zero by 2050 to limit
global warming to 1.5°C.! Achieving this objective requires a
combination of efforts in different areas. Reducing the use of
fossil fuels by renewable energy sources and replacing them
with other fuels (such as hydrogen) are the ways to avoid CO,
production. In the last years, there has been a great develop-
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design of more efficient catalytic systems. In this review, we
compile the studies, undertaken from both computational and
experimental approaches, of the reaction mechanism of the
photoreduction of CO, to CO by molecular catalytic systems
based on transition metal complexes. The combination of
experimental and computational studies can be crucial to
achieve the goal aimed.

ment in the use of renewable energies such as hydro, wind or
solar, although they still present problems due to their
intermittency and the challenge of their storage, which makes
them still difficult to incorporate in the energy system.

In July 2020 the European Union (EU) set out a plan to
eliminate by 2050 net greenhouse gas emissions, including CO,,
to achieve a climate-neutral society.” Within the same EU plan,
the “hydrogen strategy” was adopted, which aims to use clean
hydrogen generated by the electrolysis of water as the major
fuel for 2030."”

Moreover, the World Energy Outlook 2020 considers the
energy sector globally to reach Net Zero Emissions by 2050
(NZE2050) identifying the targets which are included in the
Sustainable Development Scenario (SDS).”

Even if avoiding CO, production is the main requirement
and challenge for the social development in our near future,
the complementary alternative of reducing the CO, emissions
into the atmosphere through its capture and storage (CCS) and
its utilisation into consumer products (CCU) also plays an
important role in this scenery.”® Several CO, capture proce-
dures are already being used.”'” The research and develop-
ment of the CCS technologies which should be different
depending on the CO, sources are receiving continuous
impulse due to their intrinsic interest, but they still need to
improve efficiency to contribute to the achievement of the
2050 objectives."" For the CCU, given that CO, is a very stable
molecule (AG = —394.228 kJ/mol)""? the transformation of CO,
into other products needs the use of catalysts and/or other
highly reactive substances. The important advances in this
strategy during the last decades, developed with the increased
support of research agencies as well as industrials and scientific
institutions, have been remarkable.”® Chemical-, photo- and
electrocatalysis mainly with the use of transition metal catalysts,
offer ways to transform CO, in hydrocarbon fuels"* ' and
valuable chemicals.'"?" These catalytic processes constitute
powerful, profitable and attractive strategies since carbon
dioxide is a low-cost and abundant carbon source for all
carbon-based materials.
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Concerning the structural and electronic characteristics of
CO,, it is a linear, apolar molecule with C—O bond distances of
1.16 A. Its HOMO (highest molecular occupied orbital) is a
doubly occupied 1I1; orbital, located mainly on the oxygen
atoms, while the LUMO (lowest unoccupied molecular orbital) is
a 2I1, centred primarily on central carbon.” This gives a
nucleophilic character to oxygens and an electrophilic nature to
carbon, making CO, an amphoteric oxide in which oxygens
exhibit Lewis base character while carbon can play the role of
an acidic centre. However, CO, is a better acceptor than
electron donor since the behaviour of the molecule is
dominated by the characteristics of the central carbon. In fact,
the proton affinity of CO, oxygens is only about
129.2 kcalmol™', quite lower than that of water, for example,
while its ionisation potential is high, 318.2 kcalmol™'. The
transfer of electrons to the LUMO increases the C—O distance
while inducing a loss of linearity in the molecule.”

The activation of CO, in catalytic processes often occurs by
coordination with a metal centre that can be produced in
different ways (Figure 1):

- 1'-0CO *“end-on” coordination occurs through the HOMO
111, electron pair centred on the terminal oxygens. CO,
maintains a linear geometry which indicates that there is no
retro-donation to level 2I1,. This coordination is very rare.””

- 1'-CO, coordination where the d electrons of the metal are
transferred to LUMO 2I1, of the CO, located mainly on the
carbon atom. In this mode of coordination, the CO, molecule
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Figure 1. Possible ways of CO, coordination to metal centres.

loses its linearity, and the nucleophilic character of the
oxygens is modified. In many cases, this coordination occurs
assisted by a second metal core.””

- 1>-C,0 “side on” coordination. This mode is very common. It
can be explained by the formation of a bond by donation of
the electrons centred on the atom of O (111, and 1I1,) and a
significant backdonation of d electrons from the metal to the
LUMO 2I1, centred on the C, what increases the oxidation
state of the metal. This coordination shows up the ampho-
teric character of CO,.*”
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- 10,0 coordination. This one, by donation of electrons
centred on the oxygen atoms, has not been observed often,
and mainly with group 2 metals.””

In general, the interaction with electron-rich species
(nucleophiles such as metals in low oxidation state, bases, etc.)
is more likely through the carbon atom, while when it comes to
electron-poor centres (electrophiles such as metals in high
oxidation states) the interaction usually occurs through the
oxygen atoms.

Coordination of CO, with several metal centres (u,-1% u,1?),
is also possible. The most common bonding modes in dinuclear
complexes are also shown in Figure 1.

When coordination takes place through C, the CO, reduc-
tion can be favoured by the interaction of a Lewis acid with the
oxygen atoms. This bifunctional activation highlights the
importance of the interactions in which a donation of electrons
and protons can occur simultaneously to produce a proton-
coupled electron transfer (PCET). Multielectronic reduction of
CO, can result in several products of interest, as shown in
Table 1. This table shows that most reactions occur in the
presence of protons and that, apart from the reduction reaction
to the radical CO,*", all their reduction potentials are very
similar. For this reason, all these reactions are competitive with
each other and with the hydrogen production reaction (2H" +
2e —H,; E°=—-0.41V), and the pre-eminence of one reaction
over the others may depend on several factors like the catalyst,
the presence of water or other reactants or the pH of the
reaction medium. The complex influence of these factors makes
selectivity an important issue in the reductive transformation of
0,

Among the possible products of reduction of CO,, CO is
especially interesting for being one of the intermediates used
to synthesise liquid fuels by the classic reductive dihydrogena-
tion process of Fischer-Tropsch.?**%

In any case, given the great thermodynamic stability of CO,,
an energy contribution is needed for its transformation. There
are different ways to achieve it such as thermal?"
electrochemical® photochemical®** or biochemical®*® proc-
esses, all of them under intense research.

The photochemical route is one of the most attractive and
promising, and on which this review focuses. The sun provides
in just two hours the energy that humanity consumes in a
year,”” making this clean and renewable energy the most
sustainable and accessible. Its use for the fixation and trans-

Table 1. Some of the products of CO, reduction and aqueous medium
reduction potentials using the normal hydrogen electrode (NHE) as a
reference.*?

Semi-reaction reduction €% [V]
CO,+0H"+1e —CO —-1.93

2C0,+0H* +2 e —C,0,> —0.59
CO,+0H"+2e —HCOO™ —0.39

CO,+2 H" +2 e —HCOOH —0.61
CO,4+2H"+2e —=CO+1H,0 —0.53

CO,+4 H"+4 e —HCHO+ 1 H,0 —0.48

CO,+6H" +6 e —CH;0H+1 H,0 —0.38
CO,+8H"+8 e —CH,+2 H,0 —0.24
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formation of CO, is a process that mimics natural photosyn-
thesis and does not generate primary or secondary pollution.®®
If this transformation produces any of the so-called “solar fuels”,
the carbon cycle is closed, also relieving the problem of the
energy crisis and global warming from two different fronts. In
fact, one of the most studied strategies in recent years for
obtaining solar fuels is the development of catalysts capable of
using solar radiation directly (photoactive systems) or indirectly
(by cooperation with a photosensitiser) to generate hydrogen
(H,) or CO, reduction products, which is known as artificial
photosynthesis.’2839-41

In this scenario and considering the impact that photo-
catalytic reduction of CO, can have in fuels and chemicals
production, it is evident that the detailed knowledge of the
mechanism of these reduction processes could help in the
design of better catalytic systems to enhance the efficiency of
the catalytic transformations of CO,. Traditionally, experimental
evidence has been the source of information that researchers
have used to propose reaction mechanisms. Computational
results were, a few decades ago, only a punctual help for this
endeavour, but the development of computational methods
and computing power have made this resource another usual
tool. Nowadays it is useful not only to corroborate experimental
hypotheses or “predict the past”, but it can already be also used
for predictive purposes. The more and more accurate computa-
tion of energy profiles of reaction paths allows to picture
detailed reaction mechanisms, but the complexity of the
photocatalytic reduction of CO, and the large number of
alternative reaction paths that should be explored make this
study a difficult challenge for computational chemistry.

To have a clearer view of the state of the art in these types
of studies and gain a deeper understanding of the mechanisms
of CO, photoreduction by molecular catalysts, we analyse here
the individual studies performed both at computational and
experimental level, relating the proposal based on computa-
tional calculations with the evidence of the mechanism
obtained from experimental electrochemical and spectroscopic
studies, to draw a global picture of the possible mechanisms of
this reaction and to highlight the synergy between these
complementary approaches.

Previous to this, in the next section, we will present general
aspects of the CO, reduction with molecular catalysts and the
general reaction mechanisms proposed from both computa-
tional calculations and experimental evidence. Next, we will
describe the most common catalytic system used for photo-
chemical reduction of CO, and comment on their global
performance. In the following section, we compile the works
that include computational studies to determine reaction
mechanisms. Finally, we summarise and present the conclusions
of this compilation in the last section of this paper.

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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2. Generic mechanism of the CO, reduction
reaction using molecular catalysts

Sticking to molecular catalysts formed by complexes of
transition metals (the most used as homogeneous catalysts), a
good amount of generic information on the mechanisms of the
reaction of CO, reduction has already been reported. For the
reaction to take place, four events must occur: absorption of
photons by a photoactive species, separation of charges (or
generation of hollow-electron pairs), transfer of electrons to the
catalyst and finally transformation from the substrate to the
product with the cooperation, in most cases, of an agent that
provides protons. For these stages to occur, most photocatalytic
CO, reduction systems consist of a sacrificial electron donor
(SD), a photosensitiser (PS) that absorbs radiation and acts as a
mediator in the electron transfer, and the molecular catalyst
(Cat) that activates CO, and induces the reduction reaction.”®

When the photosensitiser PS absorbs radiation, it is
promoted to an excited state (PS*) whose characteristics can be
very different from those of the ground state, so it can lead to
processes that can be unviable in its most stable state. Among
other things, its ionisation potential and electron affinity are
lower than in the ground state, making PS* a better oxidant
and reductive species than PS. But for the excited species to
give rise to other events, its lifetime cannot be extremely short.
For this reason, in photosensitisers, it should be possible to
populate an excited triplet state through an effective intersys-
tem crossing (ISC) that transfers the population from the singlet
state directly reached by the photon absorption to a triplet
state with a long lifetime. From this triplet state, several
phenomena like energy transfer or reductive or oxidative
quenching deactivations can occur, as outlined in Scheme 1

If the PS* is a strong enough oxidant, the reductive
deactivation Scheme 1a) will take place. PS* will oxidise the SD
in a reducing deactivation (Scheme 1a) forming the reduced
species of the PS (PS™), which will be a reductant stronger than
the PS and the PS*. For the species PS™ to reduce the catalyst,
the redox potential of the first must be smaller than that of the
second. The PS™ is then oxidised to return to its ground state
reducing the catalyst. The reduced catalyst will then be the
species responsible for the reduction of CO,

On the other hand, in the oxidising deactivation (Sche-

me 1b), the PS* must be a strong enough reductant, so the
Ps*
co. fCat \
A

PS
hv
hv' + heat
(a)
PS*
\\ Cat~

PS AdduCL<

sp™ CO;

o+
SD

PS
hy,
hv' + heat SD
(b)

CO,

Cat~ Adduct

Cat/kco

SD

Scheme 1. Two of the possible mechanisms of deactivation of the photo-
sensitiser: (a) by reducing deactivation and (b) by oxidising deactivation.*®
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oxidation of the PS* and the concomitant reduction of the
catalyst occur first. The reduced catalyst will then be able to
reduce CO,. The oxidised PS (PS*) will be restored to its ground
state by reduction at the expense of the SD.

In the event of an energy transfer to the catalyst, the PS will
return to its ground state while the catalyst will be excited to a
triplet state (*Cat*), preserving the system’s overall spin angular
momentum. For this energy transfer to be possible, the
excitation energy of the PS* must be greater than that of the
*Cat*. The excited state of the catalyst will be (for the same
reasons as those applied to the case of PS*), a stronger oxidant
than its ground state, so it will be reduced by oxidising the SD
and then will be able to reduce CO,

But to obtain CO, a double reduction of CO, must occur, so
the catalyst must accept at least two electrons in consecutive
redox processes, interacting repeatedly with the PS, the SD, or
with products of the evolution of the oxidised SD, which are
sometimes also the source of the two protons necessary for the
reaction. These protons can also come from H,O present in the
reaction medium, but under these conditions, the importance
of the selectivity problem increases since the reaction of H,
formation enters into competition.

The interaction between CO, and the molecular catalyst
usually occurs either by the insertion of CO, into a metal-
hydride bond or by bonding to a vacancy of the coordination
sphere of the metal centre. In the first case, electrostatic
attractions occur between the C—O and M—H bonds, both
polarised, placing the carbon of CO,, which is the electrophilic
centre, close to the nucleophilic hydride. On the other hand,
when CO, occupies a vacant coordination position, a 1'-CO,
type interaction occurs, so the oxygens are placed in a position
that favours their protonation. In general, the first type of
interaction results in formic acid while the second is more
frequent in obtaining CO. In fact, all the computational studies
about reduction of CO, to CO of which we are aware, find an
interaction of 1'-CO, type between the metal of the catalyst
and CO, The mechanisms suggested for the different catalysts
studied differ mainly in the order in which the different stages
of the reaction are proposed to take place."?

In general, it is assumed that the stage corresponding to
the second electron transfer and rupture of the C—OH bond is
the limiting stage of the reaction rate and therefore, the more
easily the OH is eliminated, the faster the conversion of CO, to
CO will be.™ Compared with this stage, the removal of CO is
considered simple,*** although with some catalysts the
dissociation of CO does not occur easily and the carbonyl
species inhibits the catalysis.”*®!

Mechanistic studies also indicate that the capacity of the
substrate to establish a double coordination can stabilise
certain intermediates of the reaction, which would favour the
obtention of CO. This would explain the significantly better
activity of certain bimetallic complexes compared to analogous
systems with a single metal centre "

Nevertheless, there are still many unknowns concerning the
mechanisms of these reactions, and there are many different
reaction paths for the different reaction systems analysed as the
following revision will show up.

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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3. General description of molecular catalytic
systems used for the reduction of CO, to CO

The first published work on the selective photoreduction of CO,
to CO using a molecular catalytic system is due to Lehn’s group,
who in 1983 proposed a Re(l) catalysts for this purpose.*” The
complexes fac-[Re(bpy)(CO);(X)] (bpy=2,2"-bipyridine; X=Cl,
Br) (1, Scheme 2) acted as photosensitiser and catalyst for the
reduction of CO, to CO selectively. In the presence of an excess
of CI™ ions, fac-[Re(bpy)(CO);Cl] produced CO with a quantum
yield of 14% and a faradaic efficiency of 98% and consumed a
tertiary amine, triethanolamine (TEOA, Figure 4), as electron
donor species in dimethylformamide.***” The catalytic mecha-
nism proposed is represented in Scheme 2.

Since then a good number of catalysts based on Re and
other precious metals such as Ru(ll) or Ir(lll) have been proposed
(recent works on this subject can be found for Re,*'® Ry,"*®
Ir,*¥ and, although less frequently, also for Rh, Os, Pd or
NIO[E’O'E'”).

The high price of these metals has led to the search, in the
last decade, for catalysts based on the more earth-abundant
metals of the first transition period (3d metals), which
essentially are those found in the biological catalysts that carry
out the reduction of CO,.? But replacing 4d and 5d by 3d
metals does not only have economic advantages, as some
notable differences between them add other good reasons for
the use of the latter. For example, Fe(ll) and Ni(ll) tend to rapid
exchange of ligands, while their corresponding analogues of
the 4d and 5d periods are usually more inert, slowing down or
even preventing the coordination of the substrate or the
dissociation of the product, which produces deactivation of the
catalyst.?

The most commonly used 3d metals so far have probably
been Co,***66263 N[5 and Fe,”*”* while Mn,”*7*' and Cu%””!
have been less studied.

The main classes of ligands used in molecular catalysts of
metal complexes are nitrogen-donors of polypyridyl kind such
as 2,2-bipyridine (bpy) or 2,2":6'2"-terpyridine (tpy), 1,4,8,11-

tetraazacyclotetradecane (cyclam) derivatives, porphyrins,
co
<N///,,R| W\CO .
R i
N | “Yeo \
1
co + co -
(N//n, |e“\\\CO N///,,R .W\CO
e
N | “Yeo N | “Yco
X X
H,O /5\ \\
H co co o
(N///,, | .W\CO (NI//,, | W\CO
Re Re
N | \0\40 N |
X OH ;
CO,, H*

Scheme 2. Proposed possible mechanism for the Re-catalysed reduction of
CO, to CO. Adapted from Lehn and co-workers.">*”
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phthalocyanines and related aza-macrocycles (Figure 2). The
most common ligands are polypyridyls since they are easily
modifiable, give rise to more soluble complexes in water or
polar solvents and can be readily immobilised to obtain
heterogeneous catalysts. These ligands are also found in
combination with carbonyl or halogen ligands.” It is also
common to find complexes with a coordination position
occupied by a labile solvent molecule that can be readily
exchanged by the carbon dioxide substrate.[®*757%8%

Another component of the catalytic systems for CO,
reduction that have a great influence on the effectiveness of
the reaction is the photosensitiser. Its absorption spectra,
lifetime of excited states, photostability and redox properties
directly affect the activity and selectivity of the process. Despite
all the progress made to avoid precious metals in catalysts,
most PS are still Ru or Ir complexes. The most studied and used
ones are [Ru(bpy);]*" (PS1, Figure 3)®" and [Ir(ppy);] (PS2,
Figure 3).%2 Both have the advantages of exhibiting wide
absorption bands in the visible region and having triplet states
of long half-life times and, although in their ground state they

— NH NH
W, )
N N NH NH

bpy
cyclam
porphyrin

pthalocyanlne

Figure 2. Main classes of ligand types used in molecular catalysts of metal
complexes for the photoreduction of CO,. bpy =2,2-bipyridine,
tpy =2,2":6',2"-terpyridine, cyclam =1,4,8,11-tetraazacyclotetradecane.

PS3

DT IEPS S oY o
see I?

Figure 3. Structure of the most common photosensitisers: PS1=[Ru(bpy);]*"
and (bpy = 2,2-bipyridine), PS2 =[Ir(ppy);] (ppYy = 2-phenylpyridine), PS3 =p-
terphenyl, PS4 = phenazine, PS5 = 9-cianoanthracene, PS6 = purpurine,

PS7 =1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene.
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are poor reductants and poor oxidants, in their excited states
they become powerful and versatile electron transfer agents.”®™

Recently, Cu and Zn complexes have begun to be used as
photosensitisers, gradually improving their selectivity, efficiency
and robustness.®® Another alternative is the use of organic
pigments, such as p-terphenyl, phenazine, 9-cyanoanthracene,
purpurine (PS3-PS6, Figure 3)7%%* However, these PSs are not
free of problems, such as the need for ultraviolet light to be
excited,®” since the absorption of visible light is limited to rare
exceptions like PS7.55°% It is interesting to note that the use of
phenazine as PS leads to the formation of formic acid as the
major product instead of CO®" which demonstrates the critical
and determining role that the PS has in the catalytic reaction.

In all the cases collected in this review the reactions were
induced using visible light.

The last component of catalytic CO, photoreduction
systems, the sacrificial electron donor, has less variation in the
studies run so far (most common ones shown in Figure 4).
Ascorbic acid and triethanolamine are the most commonly
used, especially in the aqueous medium, but triethylamine
(TEA) and  1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-
imidazole (BIH) are also often used.®” In some works it is
proposed that amines (TEA and TEOA) are also a source of
protons,  resulting in  oa-amino radicals in  their
decomposition. ¢

In a short time, much progress has been made in the
efficiency of these catalysts. In the last decade, most catalytic
systems reached values of the turnover number (TON) of the
order of 107" to 10° and of the turnover frequency (TOF) from
107 to 107" s™", but some systems appeared later that broke
these barriers, reaching even higher values of TON and TOF. For
instance, for the Ni(ll) complex [Ni(bimiq)(NCCH,)I[PF], (2,
Figure 5) with a N-heterocyclic carbene-amine ligand, bis(3-

OH
/
) O
N
HO/\/N\/\OH SN N\

Triethanolamine
(TEOA)

Triethylamine
(TEA)

Figure 4. Structure of the most common sacrificial donors.
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Figure 5. Some molecular catalysts for photoreduction of CO,.
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1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole
H

(imidazoleyl)isoquinolinyl)-propane (bimiq), 98000 TON and
3.9 57" TOF were reported using an acetonitrile solution of PS1
(Figure 3) as photosensitiser and TEA as sacrificial reductant.”””!
Another high-performance catalyst is the Co(ll) complex [Co-
(tpea)(NCCH;)I[CIO,], (3, Figure5) containing the polypodal
ligand  tris[2-(iso-propylamino)ethyllamine]  (tpea) which
showed a high TON of 44800 and a TOF of 1.24 s'.” However,
these are exceptional cases that stand out from the whole,
since most catalysts show relatively low efficiencies and
selectivities, which decrease in systems where water is present
due to the competition with the proton reduction reaction.

A very promising option is presented by complexes with
more than one metal centre, which show higher catalytic
activities than their monometallic analogues. The reason for
that was attributed to the ability they have to activate CO, by
joint coordination to the two metal centres.***’*? For example,
in the «case of the cryptate dinuclear complex
[Co,(OH)(cryp)I(CIO,); (cryp =NI[(CH,),NHCH,(m-C¢H,)CH,NH-
(CH,),15N, 4, Figure 5) the TON is more than 5 times greater per
Co atom than that of its analogue with a single cobalt centre
[Co{N[(CH,),NHCH,(C¢H;);(NCCH,)I[CIO, .} (6, Figure 5). More-
over, the heterobimetallic analogue 5 (Figure 5) showed higher
photocatalytic activity and selectivity for CO, reduction than the
corresponding dinuclear homometallic and mononuclear
complexes.”” Similarly, an increase of activity was obtained
using the pentanuclear complex [Cos(btz)s(NO;),(H,0),] (btz=
benzotriazolate), although mixtures of CO and H, were
obtained.””

The possibility of a double activation of CO, can also be
achieved in monometallic complexes with certain ligand
architectures that allow two cis positions of coordination for
CO,, such as cis-[Co(pdp)Cl,] (pdp=1,1"-bis(2-pyridinilmetil)-
2,2"-bipyrrolidin, 7, Figure 5) with which a TON of 368 was
obtained.”?

An interesting option would be the use of catalysts that
could directly absorb radiation to be activated and then oxidise
the sacrificial donor and reduce CO,, but few efficient examples
are known so far, and some have problems of selectivity or
robustness. Noteworthy exceptions are some Fe complexes
with porphyrin derivatives®*®¥ with which high selectivity was
obtained. In fact, modified tetraphenylporphyrins, mainly that
with trimethylammonium groups at the para position of each
phenyl ring, show to overcome many of the mentioned
problems. This catalyst acts without the need of PS and, with
BIH as SD, yields a TON value of 101 after long continuous
irradiation, demonstrating the robustness of the catalyst, and
with a 100% of selectivity towards CO formation even in acid
solutions.®

4. Mechanistic studies of catalytic
photoreduction of CO,

Mechanistic studies of the CO, photocatalytic reduction gen-
erally involve the elucidation of the mechanism of photo-
excitation of the photosensitiser, the determination of the
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nature of the CO, activation and the identification of the
elementary processes and species formed in the electron-
proton transfer steps in which catalyst, sacrificial electron donor
and photosensitiser participate.

For molecular-based catalysts, the proton-electron transfer
sequences and breaking of C—O bonds are analysed experimen-
tally by cyclic voltammetry (CV)®**® together with spectroscopic
techniques (UV-vis, FT-IR, EXAFS and NMR) to identify the
structure of intermediate species of the mechanistic cycle.®
Fluorescence quenching experiments allow determining the
parameters related to the electron transfer process between the
excited photosensitiser and the catalyst.””

Computational studies of photocatalytic reactions did not
begin until relatively a few years ago, with no publications
found before 2013. For the particular case of the mechanisms of
catalytic photoreduction reactions from CO, to CO using
molecular transition metal-based catalysts, the first studies are
even more recent (2015) and globally they are not very
abundant. All of them use methods based on the density
functional theory (DFT) and the most used functionals are the
B3LYP,128%%8 in most cases™®*®®4 with the D3 correction for
the dispersion proposed by Grimme,”® and the M06 in some of
its variants (MO6L, M06-2X, M06-D3).*%? |n general the
geometries are optimised in the gas phase with a more modest
basis set (they use usually pseudopotential for metals and 6-
31G(d) for the rest of the atoms), and the energies are refined
including the effect of the solvent with the Polarisable
Continuum Model (PCM) or Solvent Model Density (SMD) using
somewhat larger bases (the pseudopotential for the metal is
maintained and the bases of the rest of the atoms are extended
in many cases to 6-311+ G(d)).

Although in some cases only some parameters of the
reactive  species, '  relative energies of  possible
intermediates,"®"'®? or some specific energy barriers (free
energies of transition states)* are calculated to elucidate the
mechanism of the reaction, in most cases, the energy profile of
the different stages of the reaction, beginning from the reduced
catalyst, is determined. Only in some cases, possible compet-
itive reactions are also considered. Rarely paths of different spin
multiplicities are compared, and sometimes the multiplicity of
intermediate species along the reaction path is not indicated.
The oxidation state of the metal is only explicitly analysed in a
specific case,® although in many cases it is assumed in the
proposed catalytic cycle. In a few cases, the reaction of PS or SD
is studied.

As already commented, the first computational study on the
catalytic reduction of CO, was developed in 2015 by the group
of Robert.” They focused on the mechanisms of the compet-
itive reactions of CO, to CO and HCOOH catalysed under visible
light by two complexes, one of Co(ll) and another of Fe(lll) with
a pentadentate N5-donor ligand (dmpbop=2,13-dimethyl-
3,6,9,12,18-pentaazabicyclo[12.3.1]-octadeca-1(18),2,12,14,16-
pentaene) (8 and 9 respectively, Scheme 3). The Co(ll) complex
was selective to the formation of CO both in photo- and
electrocatalytic processes, whereas the Fe(lll) complex produced
HCOOH in an electrocatalytic system. Thus, a CO, saturated
solution of 8 in MeCN/TEA with the photosensitiser PS2
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Scheme 3. Mechanism of the CO, reduction reactions catalysed by 8 and 9
(dmpbop = 2,13-dimethyl-3,6,9,12,18-pentaazabicyclo[12.3.1]-octadeca-
1(18),2,12,14,16-pentaene). Adapted from ref. [96] Copyright (2015), with
permission from the American Chemical Society.

produced selectively CO (97 %) with an average TOF of 21.9 h™'
using TEA as SD. The CV studies identified the metal-centred
reduction process leading to the [M'(dmpbop)]* species and
the reduction waves centred on the ligand [M'(dmpbop)l/
[M'(dmpbop*7)]"~. The CV of the CO,-saturated solution of the
cobalt complex showed an increase of current at the level of
the [Co'(dmpbop)]/[Co'(dmpbop*®7)]~ process. The authors pro-
posed that the excited PS, PS*, was efficiently quenched by the
cobalt catalysts [Co(dmpbop)]**, with a constant Kquenching =
0.68x10" Lmol's™' determined presumably by fluorescence
quenching measurements.”” They proposed that the active
species [Co'(dmpbop)*7)] is formed in a two-electron reduction
process.

The computational studies were performed omitting, to
simplify, the reactions of capture of electrons and protons. They
focused on the transformations that undergo the intermediate
in which COOH™* is coordinated to the catalyst since this is the
key species that, when reduced, produces HCOO™ or CO and
OH™. The reaction profiles obtained with the computational
studies (collected in Figure 6) showed that in the case of the
Co(ll) complex the most favoured reaction (with lower barriers)
corresponds to the formation of CO and OH~, while with the
Fe(lll) complex the barrier of formation of HCOO™ is lower, what
explains the experimental observations. The mechanisms
proposed for both cases are shown in Scheme 3. The authors
argue that in the electron-rich Co"-COOH species there is a
strong back donation of electrons to the w* 2I1, LUMO of CO,
so that the C—O bond weakens and breaks easily. In the less
electron-rich Fe"-COOH intermediate, however, this back
donation is weaker, and the cleavage of the C—O bond is slower
which allows an isomerisation of the intermediate to occur,
which dissociates from the catalyst producing the formate. The
multiplicities considered are quintuplet in the case of the Fe
complex and triplet in the case of that of Co.

The same year a work™™ that focused on CO, reduction
catalysed by [Co'(dtabhp)]*" (dtabhp =2,12-dimethyl-3,7,11,17-
tetraazabiciclo-[11.3.1]-heptadeca-1(17),2,11,13,15-pentaene, 10,
Figure 7)) used temporally resolved FT-IR spectroscopy for the
detection and structural determination of intermediates in
light-induced catalytic systems under operating conditions

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 6. Potential energy profiles of the reaction pathways for the
formation of CO+OH"™ (black) and HOCO™ (red) catalysed by A) 9
[Fe((dmpbop)] and B) 8 [Co((dmpbop)] (dmpbop = 2,13-dimethyl-
3,6,9,12,18-pentaazabicyclo[12.3.1]-octadeca-1(18),2,12,14,16-pentaene). Re-
produced from ref. [96] Copyright (2015), with permission from the American
Chemical Society.
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Figure 7. Left: Structure of 10 [Co'(dtabhp)]**. Adapted from ref. [63]
Copyright (2015), with permission from the American Chemical Society.
Right: Structure of 11 cis-[CoCl(u-O-tpao)CoCl;]. Adapted from ref. [48]
(Copyright (2018), with permission from the Royal Society of Chemistry.

together with DFT computations. The authors studied the
species formed using two different PS: PS1, which was known
to reduce the complex [Co'(dtabhp)]** to form H," and PS2,
which reducing potential was expected to be enough to
generate CO. In fact, when a solution of 10, in wet acetonitrile
saturated CO, solution was irradiated for 3 h with a laser
(405 nm) in presence of PS2 and TEA, CO was detected by FT-
IR. However, in a similar irradiation experiment for 1 min the
cobalt complex in the presence of PS2 at 458 nm, no carbon
monoxide was detected by FT-IR. A signal at 1670 cm™' was
observed instead, which was attributed to the formation of a
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carbon dioxide adduct [Co'*®(dtabhp)(CO,)° 1. Experiments
with labelled *CO, confirmed this hypothesis and experiments
with labelled C'®0, allowed to identify acetaldehyde as the
product of TEA oxidation by oxygen transfer from CO..

The nature of the Co—CO, interaction in the adduct was
further studied by computational methods. By analysing
localised bond orbitals, the oxidation state of the Co atom in
the different species that can be formed along the proposed
reaction mechanism was determined. It was shown that the
tetra-N-donor ligand plays an important role by sharing a
certain part of the charge of the reduced photocatalyst, which
is transferred to CO, once it is coordinated, so the bond formed
is stronger than in other possible species.”

In 2016, a study® of different complexes of the type cis-
[Co(pdp)Cl,] (pdp=1,1"-bis(2-pyridinylmethyl)-2,2"-bipyrrolidine,
7, Scheme 4) with different levels of catalytic activity in the
reduction of CO, was published. It was suggested that the
crucial characteristic of this system to favour the activation of
CO, for its photo- and electroreduction was the availability of
two cis coordination positions. Thus, 7 photochemically catal-
yses the reduction of CO, to CO with a TON of 368 using PS2
and TEA as a sacrificial electron-donor for a time of 60 h with
high selectivity to CO with respect to H, (95 %).

To understand the factors that determine this activity, the
authors first calculated the spin density difference plots of the
complexes between their initial and reduced state (Figure 8 and
observed that in those that were active (C1 to C4 and TPA in
Figure 8, as opposite to C5), there was a resonance structure
between Cl—Co(l)-pdp and Cl—Co(ll)-pdp*~ shown by the spin
density localised on the ligands, due to the existence of ligands
o-donor and m-acceptors that delocalise the 1 electron charge
and decrease the energy of the reduction barrier. They also
calculate the profiles of the reaction paths for the production of
CO and H, along with the singlet and triplet states of lower
energy and proposed a reaction mechanism (Scheme 4). It
identifies as an active species a pentacoordinate reduced
complex [Co'(pdp)Cl] that by its strong nucleophilic character
induced by the basic ligands activates the CO, by coordination
in an axial position to form [Co'(CO,)(pdp)CI1.* This Co—CO,
adduct can be detected in the CV studies by the anodic
displacement towards positive values of the half-wave potential

Q' (copapicr®

/‘PSZ
TEA™

H,0 \ ){
+e\upspt ~ O TEA

H* +e
[Co"(CO,H)(pdp)CIT* Eo/
[Co'(pdp)Cl] - // \\N/ N\

NNl N
% 7
[Co!(CO)(pdp)CI]

Scheme 4. Proposed mechanism for CO, photoreduction with the catalyst 7
(cis-[Co(pdp)Cl,], pdp = 1,1"-bis(2-pyridinylmethyl)-2,2’-bipyrrolidin) using
PS2 as a photosensitiser and triethylamine (TEA) as a sacrificial reducer (SD).
Adapted from ref. [62] Copyright (2016), with permission from the Royal
Society of Chemistry.
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values for the related unmodified tris(2-pyridylmethyl)amine
(tpa) complex, [Co(tpa)Cl]*.l"*

In the computational study, the authors determined four
reaction paths, corresponding to the formation of CO (path A),

C2lntA HCOOH (paths B and C, with and without the binding of a SD

M A\ molecule to the reactive complex) and H, (path D) (shown in

fﬁ ? Figure 9). The authors indicate that the dominant pathway will

ﬁ* be that of CO formation in the absence of water, given that

after the first common step, the barriers in path A are lower

C3-IntA C5-IntA than those in paths B and C. But the barriers of path D are

lower than those of path A, si this will be the dominant reaction

Figure 8. Spin-density difference plots of the a- and [3-electron density for . . . .
9 P y P b Y if there are enough H" in the environment. These results are in

the reduction product of the type cis-[Co(pdp)Cl,] (pdp = 1,1"-bis(2-
pyridinylmethyl)-2,2"-bipyrrolidine Co(ll) complexes studied in ref. [62].
Reproduced from ref. [62] Copyright (2016), with permission from the Royal
Society of Chemistry.

kcal mol™* Go'—0
100 =

-2.36V
o

(€,,,) corresponding to the Co" reduction as a function of the oo =

CO, concentration with respect to the E,, value measured
when no CO, is present"® This shift is produced when there is
a fast reaction between the Co' species and CO,. The key of the
mechanism would be the ease to undertake 2-electron
exchanges between the Co(l)/Co(lll) species. The protonation of 200 =
the adduct to form [Co"(CO,H)(pdp)Cl] occurs with a very low -
energy barrier which has been attributed to the interaction by
the hydrogen bond with the adjacent chloride. But the
reactions to both CO and H, products are favourable so the N 356
results cannot explain the experimental observation of the keal mol* |
selectivity of this catalyst towards the production of CO. , - S

They also compared the profile for the reaction of CO . AN T /
production with different complexes finding that, in addition to
the m-acceptor capacity, steric effects have a determining
influence on the catalytic activity. These results allow them to
highlight the importance of the cis architecture of the Cl ligands
of these complexes for their catalytic efficacy.

The work of Zhu et al.”*® studied the competitive pathways
of CO, H, and HCOO™ formation in the photoreduction of CO, 2004
by a Co complex with a tris(2-pyridylmethyl)amine-type ligand
with a -CH,OH functionalised pyridine (tpaoH = 6-((bis(pyridin- 008
2-ylmethyl)amino)methyl)pyridin-2-yl)methanol), a ClI~ ligand
and an oxygen atom occupying a cis position to the coordi-
nated chloride. The homogeneous photocatalytic system is
formed by complex cis-[CoCl(u-O-tpao)CoCl,] (11, Figure 7) as a oo =

= Co'—O0

catalyst, PS1 as a photosensitiser, and TEA as a sacrificial o oo
electron donor. The study was initially performed in saturated 100 = N
CH,CN, with irradiation for 60 hours providing 80% CO -
selectivity. Interestingly, the variation of the CH;CN/H,O ratio 200 =

@
{ CHaGH=NEt,

leads to different results in activity and selectivity indicating a - Col—0 4

clear dependence on the solvent. In the water-rich solvent, the 300 o »LJ go'—p

proton reduction predominates: while the presence of water o N

promotes the formation of formic acid, in the solvent mixtures 00

without water the formation of CO is favoured. The activity - |

towards CO, was examined by cyclic voltammetry. During the
reduction scan in a N, atmosphere, the complex exhibited two
Figure 9. Gibbs free energy profiles of the reaction pathways of the

irreverSibI_e waves at €=—1.50V and —1.83 V (vs. SCE), Wh.iCh reduction of CO, catalysed by 11 cis-[CoCl(u-O-tpao)CoCls] to form CO (path
were attributed to the Co(ll)/Co(l) and Co(l)/Co(0) reduction  A), HCOOH (paths B and C) and H, (path D). Reproduced from ref. [48]

events respectively, by comparison with the corresponding Copyright (2018), with permission from the Royal Society of Chemistry.
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agreement with the experimental observations. The intermedi-
ates identified indicate that the presence of a O atom at the cis-
coordination site of the catalyst is essential to stabilise some
transition states of the reactions. This paper not only studies
the mechanisms of possible CO, reduction reactions with
different multiplicities of intermediate species (indicated by the
superscripts of the species’ acronyms in Figure 9), but also
focuses on the possible consecutive reactions of oxidation and
deprotonation of TEA that ends up producing diethyl-vinyl-
amine.

The photocatalytic behaviour of the [Co-
(tpea)(CH;CN)I[CIO, ], complex (3, Figure 5) in the CO, reduction
was studied in detail in 2018 under different conditions.” The
activity for photocatalytic CO,-to-CO conversion in a water-
containing system achieved a TON of 44800 (10 h) with a 97%
of CO selectivity. These results can be considered among the
highest obtained for catalyst containing tripodal ligands.
Another study of the same group modified complex 3 to
incorporate the benzyl derivative ligand (6, Figure 5)*¥ and
compared the efficiency of both catalysts. The results showed a
decrease of the activity with complex 6 up to seven times under
the same conditions. This higher efficiency of catalyst 3 is

[Co(tpea)(CH;CN)P?*  e-

co
3
H,0
H*,CH4CN
[Co(tpea)(CH;CN)*
[Co(tpea)(CO)(OH)I"
CH3CN
TS,
[Co(tpea)]*
[Co(tpea)(COOH)]*

T% co,
e‘,HS\ [Co(tpea)(COO)]*

Scheme 5. Proposed mechanism for the photoreduction of CO, with the
catalyst [Co(tpea)(CH;CN)][CIO,], (tpea =tris[2-(iso-
propylamino)ethyllamine). Adapted from ref. [79].
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Scheme 6. Catalytic cycle proposed for the electroreduction of CO, with
complex 12 [Co(CF;S0;),(pmtcn)](pmtcn = 1-[2-pyridylmethyl]-4,7-dimethyl-
1,4,7-triazacyclononane). Adapted from ref. [46] Copyright (2015), with
permission from the American Chemical Society.
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attributed to the less steric hindrance of isopropyl groups in
comparison with the benzyl groups in 6 which can facilitate the
CO, binding to the catalytic centre as well as the electron
transfer between the excited species.

The mechanism of the reaction catalysed by 3 (Scheme 5)
was computationally corroborated. In view of the values of the
reaction barriers obtained, it could not be established if there is
a single determining stage of the reaction rate, since the values
of the TS of the nucleophilic attack of CO, to the metal centre
and that of the TS of the rupture of the C—OH bond are quite
similar (17.2 kcal mol™ versus 13.8 kcalmol™), according to the
authors’ criterium.

The Lloret-Fillol group has also studied a complex of Co,
in this case the [Co(pmtcn)(CF;SO;),] (pmtcn=1-[2-
pyridylmethyll-4,7-dimethyl-1,4,7-triazacyclononane, 12,
Scheme 6). The detailed mechanistic study on the electro-
chemical CO,-to-CO reduction developed in this work allows
characterising intermediate Co species. In particular, it is
relevant the use of “in situ” spectroelectrochemical techniques
(UV-vis-SEC, FT-IR-SEC) and spectroscopic characterisation ('H
NMR and EXAFS) of intermediates generated by bulk electrolysis
at the reduction peak of Co(ll) to Co(l). The formation of new
species at the first reduction event in a CO,-saturated electro-
lyte was detected by FT-IR — SEC experiments in an IR optically
transparent thin-layer electrochemical (OTTLE) cell providing
the first in situ spectroscopic evidence for the formation of a
Co(l)-CO at vCO=1910 cm™', resulting from the electrochem-
ical CO,-to-CO reduction at the non-catalytic redox wave. This
data confirms that the electrochemically generated Co(l) species
is nucleophilic enough to bind the CO, molecule. Furthermore,
the detection of the carbonyl species under these conditions
shows that the C—O bond cleavage may take place at room
temperature with no added protons in acetonitrile under a mild
applied overpotential.

They also calculated the profiles of different possible
pathways of the electrochemical reaction of CO, reduction to
CO (subjected the system to different potentials).*® From these
results, they infer a possible mechanism also for the photo-
chemical reaction shown in Scheme 6 and draw valid conclu-
sions for the two types of reaction, electro and photochemical.
It is noteworthy that the singly occupied molecular orbital of
the Co"°—CO complexes they obtained (shown in Figure 10)
indicate that in the Co(ll)—CO species there is no backdonation
7 from Co to CO, but it does exist in the species Co(l)—CO and
Co(0)—CO. The species Co(l)—CO is very stable so, if it is formed,

[46]

) )

[(LN4)-Co'-CO] (18 &)

* ]
[LN4Col-COJ2* (17 e7)  [LM*Co'-COJ* (18 e)

Figure 10. Singly occupied molecular orbital of Coll/I/0—CO complexes
(isovalue 0.07). Adapted from ref. [46] Copyright (2015), with permission
from the American Chemical Society.
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the release of CO is difficult, and the catalytic cycle is slowed
down. This species is formed from the reduction of its precursor
Co(I)—CO in a process that competes with the release of CO. In
the electrochemical reaction, the reduction of Co(ll) to Co(l) is
faster than that of CO release, while in the photochemical
reaction, under conditions of low concentrations of catalyst and
PS, the ratio of the reaction rates of these competitive reactions
is reversed, thus being the CO production more effective in
photochemical conditions than by electrochemical processes.
Another peculiarity of the results of this study is that they
predict a coordination type 1?-C,0 for CO, with Co.

A paper by Angeles-Boza’s group® studied possible
alternative pathways for the reduction of CO, by complex 1, to
elucidate the order in which reduction and protonation take
place. In this paper it is proposed that the TEOA, in addition to
acting as SD, assists in the protonation through the species
TEOAH™ which is formed by accepting a proton of the radical
species TEOA*", formed by oxidation of TEOA. Although it is
generally assumed that reduction occurs before protonation,
the low barrier found assuming the reverse order makes it
impossible to reach an unequivocal conclusion in this case.

The development and mechanistic studies of Ni-based
molecular complexes containing nitrogen ligands as photo-
catalytic catalysts in CO, reduction is particularly relevant since
related Ni complexes have shown to be efficient in electro-
catalytic CO, reduction. Nevertheless, there are only a few
computational studies of Ni-based catalysts.

Recently Chen’s group published a study®™ of the CO,
reduction catalysed by a Ni complex containing an uncommon
tetradentate ligand of type S,N,, the [Ni(pmet)X,]*" (pmet=
bis(2-pyridylmethyl)-1,2-ethanethiol, X =acetonitrile, 13,
Scheme 7). The experimental study®® was performed using a
photocatalytic system formed by the Ni(ll) complex, PS2 as
photosensitiser and BIH as an electron donor. This system
shows a high TON over 700 after 55 h irradiation high CO
selectivity of >99% and a quantum yield of 1.42% in the
photocatalytic system. The Ni(ll) complex 13 in its initial form is
an even-electron metal complex which should be reduced to
Ni(0).

The computational work begins with the determination of
the ground state multiplicity of the catalyst, based on the

[66]

Bl

HY [Ru"(bpy)a(bpy )I* 2
. e 7, NCCH,
BIH INi(pmetX,1** g+ =N | ..NCCH,

S/ L\N ~
¥Ru"(bpy)sl*y [Ni(pmet)]® + 2X O =
\ Ni(pmet]" +2X BI” 13
hy
[Ru"(bpy)s**

Scheme 7. Mechanisms of formation of catalytic Ni(l) and Ni(0) species
proposed according to computational results from the joint action of catalyst
13 [Ni(pmet)X,]* ™ (pmet = bis(2-pyridylmethyl)-1,2-ethanedithiol,

X = acetonitrile), photosensitiser [Ru(bpy)]* * and sacrificial donor BIH.
Adapted from ref. [80] Copyright (2020), with permission from the American
Chemical Society.
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relative energies of the triplet and singlet states and the
comparison of the obtained geometries with the experimental
X-ray diffraction structure previously reported."® The results
indicate that the [Ni(pmet)X,]>" ground state is a triplet. The
oxidation and deprotonation reactions of the SD, BIH, with the
intervention of the PS [Ru(bpy);]*" (Scheme 7) were then
calculated, finding that the photosensitiser follows a reducing
deactivation mechanism. Its triplet excited state is quenched by
BIH yielding BIH*" and *{[Ru(bpy),(bpy*)1*}. The last species
reduces the catalyst to form [Ni(pmet)]™ with the loose of two
acetonitrile molecules at the same time that BIH* transfer a
proton to a water molecule affording a BI® radical. Given that
this radical is a stronger reductant than *{[Ru(bpy),(bpy*")1*},
the former species is the responsible for further reducing
[Ni(pmet)] ", giving the active catalytic species [Ni(pmet)]° in its
triplet state.

[Ni(pmet)]° can form an adduct with CO, of 1?-C,0 type that
is then protonated, giving place to three possible intermediates.
Only the two lowest energy ones, though, (b-Int1 and c-Int1 in
Figure 11) are capable of giving place to CO, reduction
reactions. The energy profiles of the possible pathways leading
to CO and HCO;™ (paths 1, 2, and 3) are shown in Figure 11.

[Ni(pmet)]° can also be protonated in a facile and irrever-
sible reaction, giving place to h-Int1l. From this species,
following reaction paths 4 and 5 (shown in Figure 11), H, and
HCOOH can be obtained. Although the formation of CO is not
the most favourable process, it is suggested that this is the
dominant product due to the fact that the concentration of
protons is lower than that of CO, in the medium.

The catalysts commented up to here contain a single metal
centre, but there are also some studies focusing on complexes
with several metal centres. The group led by Lu and Zhong
published in 2017"" an experimental and computational study
on the complex with two Co metal centres, the cryptane
[Co,(OH)(cryp)I(CIO,); (4, Figure5). The photocatalytic CO,
reduction was performed in a CO,-saturated CH,CN/H,O
mixture, the Co complex, [Ru(phen);l(PFy), (phen=1,10-phe-
nanthroline) as photosensitiser, and TEOA as a sacrificial
reductant. The results obtained from the photocatalytic experi-
ments using as catalyst the dinuclear complex 4 show CO
production together with trace amounts of formate detected in
the liquid phase. In the absence of the dinuclear Co complex,
CO production was not observed although small amounts of H,
were detected. These results indicate that the dinuclear Co
complex catalyses the CO, reduction to CO. The production of
H, in the absence of catalyst can be ascribed to the fact that
[Ru(phen);](PFy), can act as both photosensitiser and catalyst
for the photocatalytic reduction of H,0 into H,. Previous studies
indicate that in this case and similar complexes (namely PS1)
the active catalytic species is, in fact, formed by photodissocia-
tion of one of the ligands.""”

For comparison purposes, the mononuclear complex 6 was
prepared following reported methods in the literature. The
photochemical CO, reduction carried out under the same
conditions provides for the mononuclear complex a TON value
of 1600 (10 h) and a selectivity of 85% which are lower than
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Figure 11. Gibbs free energy (enthalpies in parentheses) profiles of the [L*Zn"CoT]
reaction pathways for the CO, reduction catalysed by 13 [Ni(pmet)X,]’ " to 5 H*
form CO (path 1 and 3), HCO;™ (path 2), H, (path 4) and HCOOH (path 5). OH COZ

Adapted from ref. [80] Copyright (2020), with permission from the American
Chemical Society.

those obtained for the dinuclear complex, with a TON value of
8448 (10 h) for per cobalt atom and a selectivity of 98 %.

The profile of the reaction mechanism of the reduction of
CO, to CO obtained computationally for the dinuclear catalyst
shows that the determining step of the reaction rate corre-
sponds to the activation of CO,, with a barrier of 13.2 kcalmol™"
The high activity of the dinuclear complex could be attributed
to the synergistic effect of the two metal centres, which
separation is only 5.791 A, where one of the Co atoms acts as a
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[lenllcoll_co]3+
[lenllcoll(COSZ-)]2+

e H*
[L'zn"Co"(COOH) 3+
t [Lzn""Co'(CO5H)?
e H*
[lenIICOIII(COZZ-)]3+ HZO
\—[lenIICOI(COZ)]3+

Scheme 8. Proposed mechanism for the photoreduction of CO, with the
bimetallic catalysts 5. Adapted from refs. [44,47].
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TS2-Co AG*=20.73 keal/mol

Figure 12. Structures and energies of the transitions states of the reaction
paths of CO, reduction to CO catalysed by the similar homodinuclear
complex 4 (CoCo, Figure 5) and heterodinucllear complex 5 (CoZn, Figure 5).
Reproduced from refs. [44,47].

its mononuclear analogue. X-Ray diffraction shows a tetrahedral
structure containing four six-coordinate Co(ll) ions with the fifth
central one forming a pentanuclear cluster and six btz ligands
linking to five Co(ll) ions. This complex offers the advantage of
excellent solubility in the most common organic solvents.
Photocatalytic CO, reduction was performed with PS1 as a
photosensitiser in MeCN and TEOA as sacrificial reductant.
Reactivity reaches a TON of ~2748 and this reactivity could be
maintained for more than 200 h showing the stability of this
homogeneous molecular catalyst, although variable composi-
tions of CO and H, were obtained for different reaction
conditions.

The authors also computed reaction profiles for the
reactions of the penta- and mononuclear complexes with the
energies of the reaction intermediates (without calculations of
the barriers of the different stages), from which they could not
draw clear conclusions.®”

The most recent paper on this line focuses on a complex of
the 5d metal Re, obtained binding two (bpy)Re(CO);Cl frag-
ments by a xanthene link to maintain both metallic centres
close together (14, Scheme 9).""? Opposite to the 2020 work by
Shipp"?" et al. where the dimerisation of a Re complex did not
catalyse the CO, to CO reaction, 14 showed an enhancement
factor of the catalytic activity of 45 relative to its monometallic
counterpart. Photocatalytic CO2 reduction experiments were
performed in DMF solutions with either TEA or BIH as an
electron donor. Carbon monoxide was the only gaseous
product obtained in all experiments. The long-term stability
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Scheme 9. Mechanism of the CO, reduction catalysed by 14 as proposed in
the literature. Adapted from ref. [102] Copyright (2021), with permission
from the American Chemical Society.

was higher with the bimetallic catalyst when using BIH as the
electron donor.

The crucial species of the reaction of CO, to CO and its
mechanism was studied with several experimental techniques
(steady-state absorption and emission spectroscopy, time-
correlated spectroscopy, nanosecond kinetic emission spectro-
scopy, cyclic voltammetry and others).

Computational studies elucidated which one of the possible
cis/trans isomers and in/out conformers of catalyst 14 is most
stable and corroborated the hypothesis regarding the reduction
events proposed on the base of cyclic voltammetry experiments
by optimising the geometry of the reduced complexes. The
authors also analysed the frontier orbitals of the trans-14
complex to interpret its excitations in the absorption spectra
and obtained structural information by geometry optimisations
of the possible catalytic intermediates of the reaction. The aim
was not to calculate the reaction mechanism profile, but to
corroborate the intermediates suggested by experimental
measurement to be able to discern between the possible
reaction paths: the binding of the CO, substrate to only one of
the Re centres, singly or doubly reduced, or the cooperative
activation of CO, by both singly reduced Re atoms. With the
information collected, the authors suggest that in the photo-
chemical reaction the CO, binds to a singly reduced Re centre
and follows the mechanism shown in Scheme 9, while the other
Re moiety functions as a photosensitiser to assist the first
catalytically active metal atom.

In the same line of development of catalytic systems for CO,
reduction of unifying photosensitised and catalyst, a work has
been published recently® in which a series of complexes are
studied computationally seeking to displace their absorption
bands to the visible zone to achieve a hybrid photocatalyst,
being capable of coordinating CO, and at the same time
absorbing in the visible area and promoting the reduction of
the substrate. Based on previous experimental CO, photo-
reduction studies"®'* this work considers the thiophene-based
donor-acceptor-donor (D—A—D) oligomer substituted metal-
loporphyrins (15, Figure 13) with different 3d central metal-ions
(M=Co, Ni, Cu, and Zn). This paper analyses computationally
the spectra of the different complexes and their ability to
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Figure 13. Structure of 15."®

adsorb CO, These hybrid catalysts would adsorb CO, at the
metal centre and harvest light at the D—A-D electron donor
groups during the reduction process.

The optimised structures of photocatalysts of the four
investigated 3d transition metal complexes exhibit good
planarity which is important since it affects the photocatalysts’
degree of conjugation that improves their catalytic perform-
ance. The results revealed that the mode of CO, adsorption
over the catalyst active site depends on the type of central
metal and that the most promising of the complexes is the one
that incorporates Zn as metal centre.

This work opens an interesting line of research that would
simplify and make more economical the photocatalytic reduc-
tion of CO,, as long as non-precious metals should be used.

5. Conclusion and perspectives

The different mechanisms proposed in these works are
compiled in a simplified way in Scheme 10 without including
some other possible processes such as coordination / dissocia-
tion of ligands or solvent molecules if they do not explicitly
intervene in the reaction, or cooperation of other species at
some stage of the reaction. Scheme 10 shows the large number
of alternative paths that the reaction of reduction of CO, to CO
can follow and therefore the complexity of the process to be
studied.

The panorama of the current state of development of
catalyst systems for CO, photoreduction shows the achieve-
ments made so far and points to the aspects in which there is
room for improvement, towards which mechanistic studies
research should focus.

Selectivity is one of the key aspects that must be controlled.
Although this aspect has been quite optimised in systems in
organic solvents, the selectivity decreases drastically in most
cases in the presence of water, due to the tendency to produce
H,, a reaction that in aqueous environments competes with the
reduction of CO, to CO. It is therefore advisable to know the
factors that can favour one or another reaction.

Another important point is the activity of the molecular
systems. Although some catalysts with high TON and TOF
values have already been proposed, the efficiency of catalysts is
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Scheme 10. Different mechanisms proposed in the literature based on
computational results.

in general low and should be improved. Quantum yield is in all
cases very low (0.8-2%),*® so the effectiveness of photo-
sensitisers has a large margin of improvement.

Many of the catalytic systems are coloured, so the opacity
of the system is high. This ability to absorb light makes them
inherently unstable under irradiation, so robustness is a feature
that must be explicitly sought for.

Economical and simple catalytic systems must be developed
to make feasible their integration into commonly used devices.
In this sense, it is necessary to avoid the use of precious metals
in both catalysts and photosensitisers. The first option is to
replace them with abundant metals in both. For PSs, it would
be a better option to replace them by organic compounds or
even biocatalysts.

Another line of research looks for the integration of photo-
sensitiser and catalyst to obtain better catalytic systems.
Although there already are some examples where the same
compound could absorb light, activate CO, and produce its
reduction (like rhenium bipyridine systems“**® or the family of
iron complexes with modified tetraphenylporphyrins®), these
kinds of systems are scarce, so the room for improvement in
this line is wide. There are, however, other possible strategies.
One of them is the design of systems with tight electronic
interactions between the catalysts and the PS. The strategy of
integrating into the same molecule the complexes that
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constitute the PS and catalytic units would not, in principle,
simplify the synthesis nor make the catalyst more economical,
but important progress is being made in the development of
these supramolecular systems."" In this case, the mechanistic
studies from both, experimental and theoretical points of view,
are specially challenging due to the possible existence of
cooperative effects between all components of the catalytic
systems.

Another option is the design of supported molecular
catalysts, where the support can act as a light harvester!''*""”
and even as electron-donor."®""? The synergy between catalyst
and support can also provide some added advantages: the
closeness between light harvester and catalytic units can
improve the reaction yield and kinetics (faster charge transfer
and more efficient charge separation) improving consequently
the catalytic performance at the same time that the hetero-
genisation of the catalysts allows a more efficient and easier
recycling procedure. Active research is also being developed in
this line but theoretical studies are yet scarce due to the
complexity of the systems.

A source of inspiration for the design of more efficient
catalysts could be enzymes, given that some of them like
carbon monoxide dehydrogenases (CODH) and formate dehy-
drogenases (FDH) are found to catalyse two-electron reduction
of CO,. Enzymes have evolved over billions of years to achieve
high selectivity and performance in mild conditions using only
abundant materials from the environment (Ni and Fe in the
case of CODH and Mo or W in the case of FDH). Although their
use at the industrial level (even at a small scale) presents severe
drawbacks like the lack of robustness at operational conditions
and the difficulty of obtention and purification in large
amounts, if the mechanism of these metabolic processes is
deeply understood, similar principles could be applied for the
design of synthetic catalysts.2>'21211

From the mechanistic point of view, the photocatalytic
reduction of CO, is a complex process involving several steps of
electron/proton transfer, CO, activation, C—O breaking bonds
that can take place in different order to form the products.
Computational studies have been useful to disclose the
mechanism of photocatalytic reduction of CO, in different
systems as they have allowed to determine the sequence of the
different processes and to identify the key rate-determining
steps, complementing the information obtained experimentally.

In fact, the elucidation of the reaction mechanism for these
photocatalytic processes is not an easy task and the synergy
between experimental and theoretical studies seems crucial to
succeed in this endeavour. Nevertheless, there are still challeng-
ing questions to face in both approaches. From the computa-
tional point of view, although the increasing computational
power of the methodologies allows to tackle medium size
molecular systems with high accuracy, it is still difficult to study
systems as complex as the ones involved in the photocatalytic
reduction of CO,. In most cases, it is necessary to use chemical
models (i.e. to choose a portion of the system to be taken into
account into the high-level computation) which are still very
limited in comparison with the complexity of a real catalytic
system. Despite the methods specifically designed to tackle
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complexity (combination of quantum mechanics and molecular
mechanics methods (QM/MM), solvent models...), it is impos-
sible to reproduce accurately a system formed by millions of
molecules of different types.

Another challenge is the unavoidable partial exploration of
the potential energy surfaces (PES). Although chemical knowl-
edge is very useful to narrow down the states (ground and
excited states corresponding to different oxidation states) and
the areas of the PES to be mapped, it can constitute a
dangerous bias. Scheme 10 shows the large diversity of reaction
paths found up to now for specific cases, but we must not
discard other possibilities for other systems different from the
ones studied here. To explore so many possibilities is still a big
challenge for computational chemistry that will have to make
use of massive calculations of machine learning algorithms. It
would be desirable that a critical mass of systematic studies
could allow us to understand the influence on the catalytic
performance of factors such as the stereochemistry of the
catalyst, the ligands’ steric and electronic effects, the inter-
actions among the various components of the catalytic system
(substrate, Cat, PS, SD and even solvent), etcetera. We still have
a long way to go.

From an experimental point of view, the challenges in
mechanistic studies are the detection of the intermediate
species with very short lifetimes in sequences of redox and
hydrogen transfer processes with photoactivated species. The
combination of spectroscopic and mass spectrometry techni-
ques under photoelectrocatalytic conditions are necessary to
identify not only the active species but also the deactivation
paths.

In any case, it is necessary and seems crucial that
experimental and computational approaches continue comple-
menting each other to advance in the endeavour of obtaining
efficient and cheap catalytic systems to be able to close the
carbon cycle.
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