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Abstract

The photocatalytic reduction of carbon dioxide (CO,) into energy-dense fuels using visible light
provides a sustainable approach for solar-to-chemical energy transformation. Among the diverse
metal molecular systems developed, ruthenium(Il) (Ru(Il)) complexes have emerged as promising
catalysts due to their superior redox properties, strong visible light absorption, and customizable
ligand structures. This review explores recent advances in Ru(ll)-catalyzed CO, photoreduction, with
particular attention given to catalyst design strategies, mechanistic pathways, and system integration
methodologies. Key configurations, including photosensitizer/catalyst (PS/Cat) mixed systems,
covalently bonded dyads, and hybrid/supramolecular frameworks, are evaluated in terms of
efficiency, turnover numbers (TON), and selectivity. A critical analysis of challenges such as
competing H, generation, inefficient charge transfer, and limited long-term stability is presented.
Emerging trends toward the use of pincer ligands, transition metal integration, and self-
photosensitizing frameworks are discussed as potential approaches for improving efficiency. Overall,
this review offers insights into the structural and mechanistic features driving CO, photoreduction
and provides perspectives for the rational design of next-generation Ru-based photocatalytic systems
for efficient solar CO, conversion.

Keywords: carbon dioxide conversion; environment; molecular catalyst; photocatalysis; ruthenium
complexes; sustainable energy

1. Introduction

The need for sustainable energy solutions that address climate change and energy demand has
increased in tandem with the rise in atmospheric CO; levels. One possible method for turning solar
energy into chemical fuels is photocatalytic CO, reduction with visible light. However, because of
its strong C=0 bonds (750 kJ/mol), large band gap (13.7 eV) and high reduction potential, CO, has
inherent thermodynamic and kinetic stability, which hinders the reduction process [1]. Nonetheless,
Ru complexes have garnered a lot of interest as both PS and Cat because of its advantageous
photochemical and redox characteristics.

To overcome the drawbacks of traditional PS/Cat-mixed systems, integrated assemblies such as
dyads, hybrids/supramolecular composites have been developed to enhance charge transfer and
catalyst stability. Additionally, recent advancements, including self-photosensitizing complexes,
pincer ligands, and transition metal (TM) cocatalysts have demonstrated improved selectivity and
turnover (TON) under milder, more sustainable conditions. This review offers a critical analysis of
recent progress in Ru(ll)-catalyzed CO, photoreduction, with emphasis on molecular design
fundamentals, mechanistic insights, and developing hybrid strategies. By exploring structure-
functionality relationships and highlighting key advancements, the review aims to guide novel
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advances in next-generation Ru(Il)-based photocatalytic systems for efficient and selective solar-to-
chemical energy transformation.

2. Mechanism of photocatalytic CO: reduction

The photoreduction of CO: is predominantly a surface process that utilizes protons (H*) and
photo-generated charge carriers (e7/h*) as shown in Figure 1.

Figure 1 shows that the key stages in CO: photoreduction include light absorption, CO:
adsorption, surface-redox reactions, electron-hole (e-/h+) pair formation, and product desorption.
Another essential process component is the separation and transfer of charge. However, the one-
electron reduction of CO, generates a CO, radical anion (CO,*") (Eq. 1), which has a high reduction
potential (-1.9 V vs. SHE in water at pH 7) [3], making the process thermodynamically unfavorable.
Alternatively, multi-electron reduction via proton-coupled electron transfer (Eq. 2-6) can yield stable,
energy-dense products at relatively lower reduction potentials[4-6].

CO: +e- CO,e- (E°=-19) 1)
COz + 2H" + 2e- _HCOQHE° = -0.61 V)
()

COz+2H" +2e- CO +H.0 (B2 5-0.53 V) 3)
CO: + 4H" +e- ~“HEHO+#10 (E°=-0.48 V)

(4)

CO2 +6H" +6e- CH:0H + H.Op(E° = -0.38 V) (5)
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Figure 1. A general presentation of photocatalytic CO:z reduction (adopted from [2]) and modified).

However, the kinetic barrier generally increases with additional electrons and protons
participating in the reaction[3]. Furthermore, the multistep photocatalytic process frequently leads to
low efficiency, particularly in the transport and separation of photoinduced charge carriers.
Therefore, a catalyst capable of promoting multi-electron and multi-proton transfers is necessary to
facilitate efficient turnovers. For example, the band gap energy of the photocatalyst must meet the
thermodynamic requirements for CO, photoreduction to facilitate electron transfer to the CO;
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molecules adsorbed on its surface [4]. Additionally, the valence band (VB) edge must be positioned
at a more negative potential than the standard reduction potential (E°red) of CO, to ensure the
thermodynamic feasibility of its conversion to other products[5]. Importantly, the distribution of
reduction products is influenced by the photocatalyst's band edge position, which controls the build-
up of electrons [7]

4. Photocatalytic CO:reduction using metal molecular catalysts

As much as the highlighted limitations of CO:z hinder the photocatalytic performance, significant
progress has been realised in the development of more effective photocatalysts with superior
qualities. Among them, visible light-active molecular catalysts have shown attractive results. The
most common molecular catalysts include Re(I) (Re(bpy)(CO)s;Cl), Ru(ll) (Ru(bpy)s?*), Ir(Ill)
(Ir(ppy)s)), Ni(l) (Ni(cyclam)), Co(Il) (Co(bpy)s?**), and Mn(I) (Mn(bpy)(CO)sBr) complexes (bpy:
2,2'-bipyridine; ppy: 2-phenylpyridine). These systems absorb light and transition to an excited state
capable of facilitating redox reactions [8]. The advantages of molecular catalysts include their
molecular-scale design and adjustable organic ligands, which allow precise control over functionality
(e.g., photophysical, electrochemical, and catalytic properties), leading to enhanced light absorption,
catalytic activity, and selectivity [9]. However, like other systems, metal complexes have drawbacks
such as solubility issues, catalyst deactivation, poor recyclability, scalability challenges, high costs of
precious metals, and the need for multiple components in solution, which can result in inefficient and
random interactions [9]

A typical photocatalytic CO, reduction system involving molecular components consists of three
parts: a redox PS for harvesting light energy, an SD that provides electrons for the reduction process,
and a Cat that serves as the active site for CO, transformation. The photoreduction process can
proceed via two main mechanisms: oxidative quenching and reductive quenching. In reductive
quenching, the SD transfers an electron to the excited state of the PS (PS*), forming a reduced species
(PSe~), commonly referred to as the one-electron-reduced species (OERS) [8]. The PSe- then donates
an electron to the catalyst, facilitating CO, reduction . Through successive iterations of this process,
depending on the number of electrons required for the desired product, CO, can be converted into
chemical fuels. Notably, in some cases, PS* can directly transfer an electron to the catalyst, although
this pathway is less common [10,11] Figure 2 illustrates a typical reductive quenching system.

4. Photocatalytic CO: Reduction Using Metal Molecular Catalysts

On the other hand, although feasible, the oxidative quenching mechanism, wherein PS* directly
donates an electron to the Cat is less common. This may be due to the highly negative Erea required
for CO, conversion, which necessitates that the OERS, possess a greater reducing power than the
corresponding PS[11]. The formation of strong and relatively stable oxidants, such as PSe*, in the
reaction medium is unfavourable for CO, reduction, as these species can hinder efficient electron
transfer to the catalyst [12].

The initial electron transfer from SD to PS* (Figureure. 2) is thermodynamically favorable when
the Eored of PS* is comparable to or more positive than the oxidation potential (Eoox) of SD. The
Eored of PS* can be calculated using Eq. (1) [11,13]

E(PS*/PSe—) = E(PS/PSe—) + EO—0
1)

The equation implies that the oxidation state of the catalyst is governed by the redox potential
of the PS*/PSe- couple. The efficiency of electron transfer can be evaluated using the quenching rate
constant (kq) and quenching efficiency (nq). The kq is determined from Stern—Volmer plots and the

lifetime of PS*, while nq, representing the fraction of PS* that forms PSe-, is calculated using Eq.
@)[14]
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1
2)
1+KqT x [electron donor]

nq = —

A higher quenching fraction (1q) leads to an increase in quantum efficiency, and vice versa.
Other critical process parameters for measuring the performance of CO: photoreduction include
turnover number (TON), Apparent Quantum Yield (AQY) and selectivity (S):

[product (mol)]

TON = [catalyst (mol)] (3)

TON > 1 indicates the feasibility of the CO2 reduction process, as well as high catalyst durability.

(AQY)(%) = ( )x 100 4)

Number of reacted electrons or molecules

number of incident photons

A higher AQY suggests a more effective use of light in driving the CO, photoreduction process.
.. b del
Selectwlty (S) (%) _ (num er of reacted e ectrons) %100 (5)

sumof all reacted electrons

t CO, HCO,H
- CH;OH, CH,
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Figure 2. Reductive quenching system for photocatalytic CO2 reduction (adopted from [10] and modified).

4.1. Electron Donors

Electron donors release a proton in the oxidized electron donor state (OEOS), which is crucial
for suppressing back-electron transfer from the OERS of the PS to the OEOS of the SD [12]. Commonly
used SDs include aliphatic amines such as triethylamine (TEA) and triethanolamine (TEOA),
ascorbate (AscH-), and NADH model compounds such as 1-benzyl-1,4-dihydronicotinamide
(BNAH) and dihydro-1H-benzo[d]imidazole derivatives (BIH, BI{OH)H). These SDs have often been
employed in photochemical CO, reduction reactions. Figure 3 illustrates the mechanism of sacrificial
reduction by BNAH and BIH in the presence of TEOA.
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Figure 3. Mechanism of sacrificial reduction by BIH and BNAH in the presence of TEOA [9].

TEOA is a commonly used SD for reductive quenching of PS*, functioning as a Brensted base in
the presence of stronger electron donors such as BNAH and BIH. While TEOA does not directly
quench PS¥, it can abstract a proton from BNAH ¢* or BIH #* in the reaction medium [15]. BNAH, with
a stronger reducing potential E°(BNAH/BNAH~) = 0.57 V vs. SCE in acetonitrile (MeCN), is more
effective than TEA (E,=0.96 V) and TEOA (E, =0.80 V) at reducing PS* [11]. Furthermore, BNAH can
efficiently undergo reductive quenching, and its reducing power is retained in aqueous media, unlike
aliphatic amines, whose protonation diminishes their effectiveness [9]

BIH and BI(OH)H show a stronger reducing tendency than BNAH with Ei/>(ox) values of 0.33
V and 0.31 V vs. SCE, respectively [9]. BIH follows a unique two-electron oxidation via first electron
transfer, followed by deprotonation and a second electron transfer [12]. The deprotonated
intermediate (BI®) exhibits negative oxidation potential, facilitating efficient electron transfer in CO2
photoreduction. BIH also shows weak basicity, although its protonated form (BIH;") is inactive in
reductive quenching and less effective without TEOA [16]. On the other hand, BI(OH)H donates two
electrons and two protons, forming BI(O")* and selectively converting CO, to formic acid (HCOOH).
This dual electron—proton transfer increases its effectiveness over BIH. In contrast, BNAH donates
only one electron and one proton. These mechanistic differences strongly affect the donors' reactivity
and selectivity in CO, photo conversion . Importantly, an ideal SD enhances reductive quenching
efficiency, thereby improving overall photocatalytic performance.

4.2. Photosensitizers

Generally, the PS should enable electron transfer from the SD to the Cat upon photoexcitation.
Thus, key requirements for an effective PS include: (i) strong absorption at the excitation wavelength,
particularly in the visible range, to efficiently harvest solar energy and suppress absorption by
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https://doi.org/10.20944/preprints202507.2362.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2025 d0i:10.20944/preprints202507.2362.v1

6 of 30

coexisting species such as the SD and Cat; (ii) a long-lived excited state to promote efficient reductive
quenching; (iii) a high oxidative potential in the PS* to readily accept an electron from the donor; and
(iv) high photochemical stability of the PSe- along with efficient intersystem crossing [17].
Phosphorescent metal complexes, particularly those based on Ru, iridium (Ir), and osmium (Os)
(Figure 4) are widely employed as photosensitizers in CO, reduction systems. The popularity of these
compounds stems from favourable redox properties and excellent photosensitizing performance,
attributed to their metal-to-ligand charge transfer (MLCT) excited states, which typically exhibit
lifetimes in the nanosecond to microsecond range [18].

[RU(NAN)J>*

Ir(ppy)s Os(5dmb).]2*
R = H: [Ru(bpy)* [Os{Bdmb)] [Ir(piq);(dmb)]*
CH;,: [Ru(dmb),J**

Figure 4. Phosphorescent metal complexes used as PS in CO: photo reduction [19].

Among these PSs, [Ru(bpy)s]** and its derivatives were among the first employed in CO,
reduction systems [13] While the OERS of most Ru(Il)™ complexes are generally stable in the dark,
photoexcitation can occasionally induce their decomposition, leading to the formation of
[Ru(bpy)Xz]™*-type complexes, where X may be a solvent molecule, CO, or Cl- [13]. These
decomposition products can themselves act as photocatalysts for CO, reduction, enabling the reaction
to proceed even in the absence of an added catalyst, which can affect product selectivity [19]. In the
presence of water, CO; can be converted to formate (HCOO-) [20].

4.3. Catalytic roles of [Ru(bpy),(CO).J** Complexes

In recent years, [Ru(bpy)2(CO).]?>* (Ru(CO))-type complexes and their derivatives have been
frequently employed as catalysts in CO2 photoreduction. Table 1 displays some of the common Ru
(II) complexes used as catalysts in CO2reduction.

Table 1. Common Ru complexes and their properties [21].

CO:z reduction potential [V vs

Ru complex Chemical structure Anchor  Charge  NHE]?
[Ru(dcbpy):2] [Ru(dcbpy)2(CO)2]2 COOH cationic -0.8
[Ru(dpbpy)(bpy)]  [Ru(dpbpy)(bpy)(CO)2]?+d POsH2 cationic -0.8
[Ru(dpbpy)] Ru(dpbpy)(CO)2Clz¢ POsH2 neutral  -1.0
[Ru(dcbpy)] Ru(dcbpy)(CO)Cl2b COOH  neutral N.D.
[Ru(pypcbpy)] [Ru(pypcbpy)(CO)(MeCN)Clze - neutral  -0.6

2CO2 reduction potentials were obtained from cyclic voltammograms acquired in an acetonitrile (MeCN)
solution under CO: containing tetraethylammonium tetrafluoroborate (0.1 M) using a glassy carbon working
electrode, a Pt counter electrode, and a I»/I3-(0.1 M) reference electrode. The threshold potentials giving large

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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second peaks originating from secondary electron injection into CO2 with Ru-complex were measured. *dcbpy:
4,4'-dicarboxy-2,2'-bipyridine; <dpbpy: 4,4'-diphosphonate-2,2"-bipyridine; dbpy: 2,2"-bipyridine; ‘Pypcbpy: 4,4'-
di(1H-pyrrolyl-3-propyl carbonate)-2,2'- bipyridine; ‘The reduction potential could not be determined because
of low solubility in MeCN [21].

Similarly to [Ru(bpy)s] %, Ru(CO) complexes exhibit strong visible-light absorption, high CO»-
binding affinity, enhanced product selectivity, and multiple accessible redox states that support
multielectron reduction processes [9]. These Ru(ll) complexes also demonstrate excellent durability
and preferentially reduce CO, over protons, even in aqueous media [19]. The presence of labile halide
ligands enables CO, coordination via halogen replacement, forming M-C bonds that promote
selective CO, binding to the metal center [23]. Additionally, Ru(CO)-type complexes can serve dual
roles, as both PSs and Cat in some systems. This was demonstrated by Tanaka et al. and the Meyer
group in their pioneering work using Ru(CO) to convert CO, into carbon monoxide (CO) and formate
in MeCN with TEOA as the SD under visible light [22]. The authors went on to propose a possible
mechanism for the photoreduction of CO:z into CO and HCOO-, as shown in Figure 5

(a)
- 4+
H,O 2e 2e- _co
(bpy)> Ru (bpyv);Ru
H coO .
Cl
OH"
(& by
e 0
_co + H'.2e HCOO,H' HEB

(bpy).Ru N (hp\ )-lel

C=0

OH

OH~

H,O
(bpw)ﬁku
(-——O

H*
(b) ~
CH;CN, HCO; i = NT ; =~ )

C
= | N
“Ru =
>,
H-0, CO- 2 N,II-I 0
=~

S =
=N-. “ == r ""’I N_ =
Ru ,Ru‘
\< O =~n7 & TCO
N( "CH, |
=

HCOO I

e, CH;CN Z N

Figure 5. (a) The proposed CO cycle and (b) HCOO- cycle reported in previous studies [22].

The CO formation cycle (Figure 5(a)) involves a two-electron reduction, where the Ru(Il)
complex, [Ru(CO).]?* accepts two electrons, releases CO, and forms an unstable intermediate,
[Ru(CO)J°. The [Ru(CO)]° then undergoes electrophilic attack by CO,, followed by protonation and
dehydration, to regenerate the original Ru(Il) complex. In contrast, the formate cycle (Figure 5(b)
begins with the one-electron reduction of [Ru(CO)H]* to [Ru(CO)H]°, which reacts with CO, to form
[Ruz(CO)(OCHO)]°. Subsequent electron transfer and coordination with an MeCN molecule lead to
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the release of HCOO- and the formation of [Ru(CO)(NCCHs)]?. Final protonation and solvent
dissociation regenerate the initial hydride species [19,22]. While similar mechanisms have been
proposed in recent studies [1,23-25], no universally accepted mechanism yet, fully explains the
photocatalytic activity and product selectivity of Ru(ll) complexes. Additionally, a common
limitation of Ru(CO) is its tendency to polymerize into [Ru(CO)]. precipitates, which poorly accept
electrons from the PS [4]. In such cases, the efficiency of CO, photoreduction can be improved by
adding excess PS and SD [3].

4.5. Systematic Approaches to Ru-Driven CO, Photoreduction

Ru-based photocatalytic systems for CO, conversion can be divided into three categories: (a)
PS/Cat mixed systems, (b) dyad systems, and (c) hybrid or supramolecular catalyst systems, as
illustrated in Figure 6

@ _
;‘i‘@ @ Crn

Cco,

§§Pv
/‘\-.__../‘

/-Q G

PS + Cat

(b)

(c)

Figure 6. Schematic representations of photocatalytic CO2-reduction systems: (a) PS/Cat mixed system (b) Dyad
system (c) Hybrid/supramolecular system (adopted from [26].

In mixed PS/Cat systems, electron transfer (ET) from the PS* to the Cat is often rate-limiting, as
it depends on physical contact. Performance can be hindered by PS instability in both PS* and PSe-,
particularly in homogenous systems where interactions are limited by diffusion [3]. Similar ET
constraints can potentially appear in heterogeneous systems, depending on redox stability and
interfacial charge transfer dynamics. Dyad systems, by contrast, constitute a covalently linked PS and
Cat within a single molecule, for example, a binuclear Ru complex, [Ru(bpy)(bpm)Ru(CO).Cl,]
(RuRu), in which both Ru centers are bridged via a bpm ligand [1]. Upon photoexcitation, an SD
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donates an electron to the PS, forming PSe-, which then transfers the electron intramolecularly to the
Cat. According to Ishizuka et al. [26], the overall efficiency of dyads depends on two successive ET
steps: from the donor to the PS* and from PSe- to the catalytic site. On the other hand, supramolecular
photocatalysts integrate both PS and Cat units into multinuclear complexes (i.e., MOF-253-
Ru(dcbpy)2Ru-(dcbpy)2Clz) (MOF: metal organic framework) [13], promoting short intramolecular
ET distances. This integration improves CO, photoreduction performance by reducing mass transfer
limitations and enhancing ET efficiency, in contrast to systems with physically separated
components.

4.6. Emerging Trends in Ru-Based CO, Photocatalysis

Recent developments in CO, photoreduction have focused on integrating multiple functional
components into hybrid molecular catalysts to improve photocatalytic efficiency through synergistic
effects [17,27]. The multicomponent systems provide a promising strategy for sustainable CO,
conversion. Growing attention has also been given to earth-abundant transition metals such as Nj,
Co, Mn, Fe, Cu, and Zn, which align with cost-effectiveness and environmental sustainability goals..
The strong Lewis acidity of transition metals can further boost catalytic activity when incorporated
into nanocomposites. Moreover, Ru (II) complexes, known for their photochemical stability, have
shown strong potential as PS ligands in complexes with low-valent metals, promoting effective and
robust photocatalytic applications [29,30].

4.6.1. Photosensitizer/catalyst mixed systems

Table 2 summarizes recent research focused on mixed PS/Cat systems with Ru complexes as PSs
for CO, photoreduction.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Metal molecular systems for COz photoreduction with Ru complexes as photosensitizers.

doi:10.20944/preprints202507.2362.v1

Entry Ru-complex catalyst Photosensitizer solvent Donor Main product TON S (%) AQY (%) Time/h  Reference
Homogeneous
1. ([NiCl2(4,4" -dichloro-2,2" -bipyridine)a]) [Ru(bpy)s]* MeCN/TEOA BIH cO 2409 84 0.24 nd [31]
2 [Ni(bpetpy2)(H20)2]-(Mgz(ClOxs)2) [Ru(bpy)s]* DMA/H20 BIH cO 120 99.7 11.1 1 [32]
3 Co(bpy)2Cl2) [Ru(bpy)asi? MeCN/TEOA TEOA CO/H:2 6230/6990  n.d 2.1 4 [33]
4 [Cos(btz)s(NO3)4(H20)4] [Ru(bpy)s]* MeCN/TEOA TEOA CO/H:2 1000/300 n.d 0.07/0.18 10 [34]
5 Co(BQPA)CI]CIO4 [Ru(phen)s]2* MeCN/H20 TEOA CcO 10650 98 0.27 12 [35]
6 [Fe(qnpy)(H20)2]> [Ru(phen)s]?* MeCN/H20 BIH CO 14095 98 2.3 130 [36]
7 [LaCuCu](ClO4)2 [Ru(phen)s]? MeCN/TEOA BIH/TEOA HCOO-/CO 766 60/28  n.d 28 [23]
8 Ru(bpy)(CO)Cl2 [(mbip)Os(mtpy)]* DMA BI(OH)H HCOO-/CO 81/3 96 0.06 40 [17]
Heterogeneous
9 NiCo2Ss [Ru(bpy)s]2* MeCN/H:O  TEOA Cco nd 70.2 145 1 [25]
10 66-IS-Ni (Ni/Co/Cu) [Ru(bpy)s]** MeCN/H20 TEOA CcO n.d 87 nd 6 [37]
11 Ni-TpBpy [Ru(bpy)s]** MeCN/H20 TEOA CcO 13.62 96 0.3 5 [38]
12 [Nie(trz)2(Htrz)13][HsPsMo110s0] - 7H20 [Ru(bpy)3]2+ MeCN/H20  TEOA cO n.d nd nd 1 [31]

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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14 FeC0S-CoS: [Ru(bpy)3]2+ MeCN/H20  TOEA co nd nd nd 3 [29]

13 CTFTfOH-Co [Ru(bpy)3]2+ MeCN/TEOA TEOA co (2.6) 61 nd 6 [24]

Phen: 1,10-phenanthroline; mbip: bis(N-methylbenzimidazolyl)pyridine; — mtpy: 4'-methyl-2,2"6',2"-terpyridine); bpetpy: bis(2-pyridyl-3-pyridylmethyl)-1,2-ethanedithiol;  btz: benzotriazolate; BQPA:bis(2-
quinolylmethyl)-(2-pyridylmethyl)amine); qnpy: 2,2:6',2":6",2"":6"'0,2""-quinquepyridine; Ls: 4,4"-(2,7-di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-diyl); TpBpy: tris(4-(2,2"-bipyridyl)phenyl)borane; Htrz, CTF: Covalent
triazine frameworks, TfOH: trifluoromethanesulfonic acid; syngas: (CO/H2); HCOOH and HCOO- : HCOO-; n.d: no data
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From Table 2, CO:z reduction can be performed using either homogeneous or heterogeneous
systems and the product distribution appears to be independent of the process type. For example,
CO and/or HCOO- were produced with high TON and selectivity in homogeneous (entries 1-8, Table
2) and heterogeneous (entries 9-13, Table 2) systems. The results suggest that the product selectivity
is probably influenced by the reaction conditions (Cat, PS, SD, solvent).

In a typical breakaway from the conventional Ru (II) based PS, a heteroleptic osmium(II)
complex (OS) with two different tridentate ligands was utilized as a PS in the presence of BI{OH)H,
to reduce CO2 to CO and HCOO- at A>700 nm (entry 8, Table 2). Since the excited Os complex (Os*)
can be reductively quenched by BI(OH)H, Os shows strong potential as a panchromatic
photosensitizer, exhibiting an extended excited-state lifetime that enhances HCOO- production [17].
However, in photocatalytic systems, light absorption by co-existing components such as catalysts or
substrates often results in side reactions and inner-filter effects, decreasing photocatalytic efficiency
by inhibiting light absorption by the PS [18]Therefore, developing panchromatic redox PS capable of
absorbing longer-wavelength light is crucial.

While CO and HCOO- were the main CO, reduction products in most photocatalytic systems,
syngas (CO/H,) was produced in some cases with high TON (entries 3, 4, Table 2). In the latter, syngas
was produced from both pure and diluted CO, using mononuclear [Co(btz)2(H20)4]-6H20 (1) and
pentanuclear [Cos(btz)s(NOs)s(H20)4] (2) Co(II) complexes. Complex (2) exhibited higher reactivity
and stability than complex (1), with a broad H,/CO ratio tunability ranging from 16:1 to 2:1[34]. The
durable and efficient performance of complex (2) could be attributed to its multinuclear structure and
the low energy barrier for the photocatalytic intermediate, while the gradual decline in catalytic
activity was probably caused by the photodegradation of [Ru(bpy)s]Cl.. A high turnover frequency
(TOF) of 103/h for CO and 32/h for H, was achieved, outperforming most metal-oxygen cluster-based
complexes under similar conditions [34]. The proposed mechanism of formation of syngas gas is
illustrated in Figure 7.

vAg
<©[> Photocatalytic CO, reduction

TEOA \ / \ CO +H,

| N I\
~N SN G
7 °N N/l
LN
N

TEOA* Z
Ru(bpy);**  Co(bpy),Cl,

CO, +H,0

Figure 7. Photocatalytic reduction of CO2 and H20 into CO and H: using the catalyst Co(bpy)2Clz in the presence
of TEOA [33].

A single-state electron transfer quenching pathway was proposed whereby after photoexcitation
PS forms PS*, which undergoes oxidative quenching by Co(bpy).Cl,, generating a Co® substrate. The
Co? then binds CO, forming a Co’-CO, adduct, which is protonated to produce CO and HO,
regenerating Co(bpy).>*. The oxidized PS (PS*) is then reduced by TEOA, completing the catalytic
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cycle (Figure 7). The mechanism correlates with the reported Cyclic Voltammetry data, where
catalytic current showed only after the second reduction wave [33,34]. To overcome the limitations
of PS/Cat-mixed systems, a more effective approach involves dyads or hybrid/ supramolecular
complexes that integrate both functions of PS and Cat within a single framework. These self-
photosensitizing catalysts have gained significant attention, particularly for eliminating the need for
external electron transfer [8].

4.6.2. Dyad CO: reduction systems

In self-photosensitizing catalytic systems, performance of molecular complexes for CO:2
reduction has been shown to depend on the nature of the bridging ligand that connects the PS to the
catalytic unit [39]. Hence, it is not surprising that recent research focus on catalytic performance has
shifted towards developing new and improving or modifying the ligand structure of photocatalysts.
To that effect, several dyad systems have been investigated for photocatalytic CO:2 reduction under
visible light as shown in Table 3.
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Table 3. CO: photoreduction using Ru (II) based Dyad systems.

Entry  Ru-complex catalyst solvent Donor Main product TON/rate*  S(%) AQY (%)  Time/h Reference
1 trans-(Cl)-[Ru(L)(CO)2ClL] (DMA)/H:O BNAH CO/HCOO- 3000 nd n.d 4 [41]

2 [Ru(ks-{2,6--(Ph2PNMe)2NCsHs} ((CO)Cl]+) (1+) DMF TEOA HCOO- 380 100 12.9 24 [42]

3 [(CNC)Ru(bpy)(CH3CN)]-(OTf) TEA/MeCN TEA/BIH CO 33000 n.d 0.00005 1 [43]

4 (CoPor-RuN3) DMF BIH CO/CHa4 37.12/1.572 n.d nd n.d [44]

5 Ru(bpy)2(bpm)Ru(CO)2Cl2] (Ru-Ru) DMF/H20 TEOA COHCOO- 54/28 n.d n.d 12 [22])

6 trans(Cl)-[Ru(bpy)(CO)2Cl2](Ru(PS)x-Ru(Cat)y-BPy-PMO)  DMA)/H.0 BNAH CO/HCOO- 95/67 n.d nd n.d [45]

7 Fe-Mn and Ru(bpy)-Mn TEOA /H:O TEOA CHa4/CO nd 92.6/852 nd n.d [46]

Bpm: bipyrimidine ligand; PMO: periodic mesoporous organosilica; OTF: ditriflate; Por: porphyrin; L: 2,2’-bipyridyl derivatives;rate in umol g-1h-1.
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While dimers have been highly effective in CO, reduction (entries 5, 6, 7), a new class of dyad
systems encompassing Ru-pincer complexes as effective reductive units for CO, conversion has
emerged in recent years. The pincer-based photocatalysts have demonstrated high selectivity and
TON under mild conditions (entries 2, 3, 4, Table 3). Notably, incorporating phenyl groups and a bpy
coligand into the NHC ligand of the CNC pincer framework (entry 3, Table 3) enhanced CO,
photoreduction efficiency [42]. The increased TON at low concentrations is probably due to greater
photon availability, while the decrease at higher concentrations may result from reduced light
transmittance and photoactivity.

In a similar study, a shift from traditional a-diimine ligands such as cis-[Ru(bpy).(CO).]** to non-
diimine complexes was demonstrated in entry 2 (Table 3), where the Ru(Il) catalyst was supported
by N,N'-bis(diphenylphosphino)-2,6-diaminopyridine (PNP) ligands instead of the [Ru(bpy)2(CO).]*
complex, forming a PNP pincer. Paired with [Ru(bpy)s]*as the PS, the pincer achieved 100%
selectivity for HCOO- using TEOA as the donor (entry 2, Table 3). Pincer-supported Ru complexes
have an electron-rich m-conjugated system (26e-) around the metal center, promoting excellent
activity and selectivity for CO, reduction [43]. However, photodecomposition of [Ru(bpy)s]*
occurred in aqueous BNAH systems, whereby the byproducts promoted CO,-to-HCOO- conversion,
as previously explained [41]. This was mitigated by switching to anhydrous solvents (entry 2, 3, 4
Table 3). Figure 8 depicts a plausible mechanism for CO: photoreduction using a Ru-pincer complex.

1" »» A
Ru" (18e) o T

Cr Catalytic cycle

0 ;
RuC (18e) Nt H*

o
gzt f
“~Ru
(o
R’N‘P/ |
R2 co
RuH
/o
@
RuCOOH
\_ J

Figure 8. Proposed mechanism for CO2 photocatalytic reduction into HCOO- using the Ru-pincer complex,
[Ru(ks-{2,6-(Ph2PNMe)2NCsHas})(CO)Cl]+ (1+) [41].

The photocatalytic cycle starts with the reduction of the cationic complex A, which
spontaneously loses a Cl- to form a square-pyramidal Ru® species (Figure 8). The subsequent
protonation of Ru? generates the hydride complex Ru-H, which undergoes CO; insertion to produce
a Ru—COOH intermediate. Upon reduction, the intermediate yields formate and forms Ru*, which is
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then reduced by the PS, regenerating Ru and completing the cycle. The liberation of H, may result
from further protonation of Ru-H, dimerization of hydrides, or dehydration of HCOOH (Figure 8).
Noteworthy, protonation of Ru-H is difficult to suppress and provides a competing pathway to H,
evolution, acting as a shortcut in the catalytic cycle [41].

4.6.3. Hybrid/Supramolecular Catalyst Systems

Table 4 summarizes CO: reduction systems employing Ru (II) based hybrid/supramolecular
photocatalysts.
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Table 4. CO2 reduction systems employing Ru (II) based Hybrid/ supramolecular photocatalysts.
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Entry Ru-complex catalyst solvent Donor Main product TON/TOF?/rate® S (%) AQY (%) Time/h Ref
Hybrid/Supramolecular
1 TiO2-4,4-bpy-RuH He, CO2 He CHa 0.6052 93.4 1.15 4 [47]
2 Ru/TpPa-1 MeCN/TEOA TEOA HCOO- 108.8° n.d n.d n.d [48]
3 TiO2/RuL1OH) TEOA/H:0 TEOA nd n.d 720 68 8 [49]
4 RuP/Ag/g-CsNa. DMA/TEOA TEOA HCOO- 5775 95 4.2 nd [50]
5 RuPyL2/Mn:Nis MeCN TBAB cyclic COs* 1723 n.d n.d 12 [31]
6 [Ru(dpbpy)]/ ZnS:Ni MeCN/TEOA  TEOA HCOO 126 n.d 0.92 16 [22]
7 RuRu+Ru)/Al0s3 (RuRu) DMA/TEOA BNAH HCOO- 520 n.d nd 60 [56]
8 RuRu/Ag/TasNs MeCN/TEOA TEOA HCOO n.d >99 n.d 15 [57]
Supramolecular
9 Cucurbit[n]urils (CB[n] (CB[7]-Ni) MeCN/H:0) TEOA Cco n.d 97.9 1.34 0.5 [18]
10 MOF-253-Ru(dcbpy)2 MeCN/THIQ HCOO 61.8 n.d n.d 5days  [53]
11 AUBM-4 (Zr-MOF-(Ru(cptpy)2)) MeCN/TEOA TEOA HCOO 366° n.d n.d 6h [54]
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12 Ru-TPY-POR CPG MeCN/H:0 TEA co 92.7 >99 0.037 12 [55]
TEA/BNAH  CHi 208.3 >95 0.0767 14
13 1/Ru(bpy)/ 2Rubpy {PsMos}/Ru(bpy) ~ TEOA/Hz0 TEOA CO/CHs 3.28/2.81° 96.3/96.4 10 [56]

PyLa: Terpyridine ligands; TPY: terpyridine; cptpy; bis(4'-(4-carboxyphenyl)-terpyridine); Li; RuP: Ru-POsH,; CPG: coordination polymer gel; TpPa-1: 1,3,5-triformylphloroglucinol (Tp), p-
phenylenediamine (Pa); (1) Nas[Co(Hz20)2(Hztib)]2{Co[MosO15(HPO4)4]2}-5H20;  (2) Nas[Co(H20)s][Coz(bib)] (Hzbib)25{HCo[MosO14(OH)(HPO4)4]2}-4H20; 4,4-bpy: 4,4'-dimethyl-2,2"-bipyridine;
(bib = 1,4-bis(1-H-imidazol-4-yl)benzene; tib = 1,3,5-tris(1-imidazolyl)benzene;  bpp: 1,3-bi(4-pyridyl)propane); AUBM: American University of Beirut Materials; THIQ: 1,2,3,4-
Tetrahydroisoquinoline; TBAB: tetrabutylammomium bromide; n=5-8, 10, 13-15
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Table 4 shows that supramolecular systems are very effective in CO2 photoreduction, with high
TON and almost 100% product selectivity. For example, the supramolecular coordination polymer
gel (CPG) with Ru(II), and porphyrin-based tetrapodal gelator (TPY-POR) units (Ru-TPY-POR-CPG
) achieved >99% selectivity for CO using TEA as a donor, while more than 95% selectivity for methane
was obtained when TEA was replaced with BNAH. (entry 12, Table 4). In this system, the POR acts
as the PS, while covalently attached [Ru(TPY),]** serves as the Cat. The functionalization of POR core
with four TPY moieties through the alkyl amide chain allows for additional metal-binding which acts
as a catalytic site for COz2reduction. Additionally, BNAH’s lower oxidation potential (E°w=0.57 V vs.
SCE) compared to TEA (0.69 V), may have supported the donor to be more readily oxidized,
facilitating faster charge transfer during photoreduction [61]. Verma and colleagues proposed a
possible pathway for CO, conversion into methane using the supramolecular catalyst Ru-TPY-POR
CPG, as shown in Figure 9.
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Figure 9. Proposed COz reduction to (c) CO and (d) CH4 using the Ru-TPY-POR CPG (adopted from [54] and
modified).

Noteworthy, only the CH4 cycle will be discussed since CO production follows a similar
pathway as already discussed for other systems. Thus, in the presence of BNAH the conversion of
CO into CHas follows a series of proton-coupled electron transfer steps (VII to X) (Figure 9). The steps
result in the formation of key intermediates, including Ru-CH,O, Ru-OCHjs;, and Ru-CHj;, with
progressively favorable free energy changes (AG =-1.21 to -3.54 eV). The final intermediate, Ru-CHs,
generates CHy via a highly exothermic step (AG = -3.29 eV), regenerating the active Ru catalyst and
completing the cycle. The outlined pathway demonstrates the crucial role of BNAH in facilitating
efficient methane formation under visible light [54]

While typical CO2 photoreduction conditions were employed in most studies, Zhang and
colleagues, [46] explored a different approach to synthesize CHa. Using the hybrid catalyst, Ru-H
bipyridine complexes-grafted TiO2 nanohybrids, CHs was produced from CO: via CO2 methanation
with Ha acting as a proton and electron donor in the absence of a photosensitizer (entry 1, Table 4).
Ligand exchange of surface Cp-RuH complexes with 4,4'-dimethyl-2,2"-bipyridine (4,4-bpy)
significantly enhanced CO, methanation, increasing selectivity and reaction rate to 93.4% and 241
uL-gt-h1, respectively. The CO,®~ radicals, produced at TiO, oxygen vacancies, reacted with Ru-H
to form Ru-OOCH intermediates, consequently producing CHs and H,O in the presence of H,.
Selective CH, production relies on directional proton-coupled electron transfer (PCET) to CO,,
stabilizing intermediates such as H,COO*, HCOO*, and H,CO*[47].

MOFs have also been utilized in supramolecular catalyitic systems. In Table 3, entry 10, MOF-
253-Ru(dcbpy): acts as a bifunctional photocatalyst, facilitating simultaneous CO, reduction to CO
and HCOO-, and semidehydrogenation of THIQ to 3,4-dihydroisoquinoline (DHIQ) [53]. The
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supramolecular catalyst exhibits superior performance than the Ru-doped MOF-253 (Ru-MOF-253),
illustrating the benefits of using open coordination sites for fabricating surface-supported
frameworks. The study highlights the potential of MOFs as building blocks for multifunctional
heterogeneous photoreduction systems, enabling a green and cost-effective pathway for parallel
CO; photoreduction and selective organic transformations.

In a recent study, an alternative light-driven CO, conversion approach was presented using
cycloaddition with an epoxide cocatalyst (entry 5, Table 4) . The reaction produces cyclic carbonates
instead of conventional organic fuels (entry 5, Table 4), which is an intriguing deviation from typical
CO: photoreduction methods. The RuPyL,/Mn,Nis photocatalytic complex with coordination
synergism, achieved very high catalytic activity under mild conditions, with a CO, cycloaddition
conversion rate of ~99% and a TON of 1723 compared to single Mn,Niy4 catalyst (TON = 656) [30].
Figure. 10 displays the proposed COz2 cycloaddition pathway.
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Figure 10. Proposed pathway for CO: cycloaddition to produce cyclic carbonates in epoxide [30].

A possible reaction pathway with coordination synergism was suggested for the CO,
cycloaddition reaction using RuPyL,/Mn,Nis (Figure 10). Upon light exposure, RuPyL,/Mn,Ni4
promotes electron transfer to the epoxide, activating the molecule through coordination interactions.
This is followed by a nucleophilic attack and opening of the epoxy ring. Subsequently, the oxygen
anion from the ring-opening intermediate attacks CO,, producing a bromocarbonate intermediate

(30]

4.6.4. Artificial Photosynthesis Systems

Mimicking natural photosynthesis using metal molecular complexes presents a promising
strategy to overcome the high energy barrier of CO, reduction and advance next-generation
renewable energy solutions. Artificial photosynthetic systems typically integrate a chromophore or
PS for light absorption and charge separation with a catalytic center capable of facilitating
multielectron CO, reduction [5]. Analogous to natural photosynthesis in plants, CO; is reduced by
electrons and protons, often derived from water, resulting in the generation of oxygen (O2) and
energy rich-chemical products, all under ambient temperature and pressure [5,57]. Some examples
of artificial photosynthesis systems used for the photocatalytic conversion of CO: are given in Table

5
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Table 5. CO: photoreduction using Ru based artificial photosynthetic systems

Entry Ru-complex catalyst Photosensitizer solvent Donor Main product TON/rate? S(%) AQY (%) Time/h Ref
1 {K2[CoOsPCH2N(CH2CO2)2]}6 [Ru(bpy)s]? MeCN/H20 TEOA 300 78 0.81 4 [58]
2 LaCoO:s [Ru(bpy)s]** MeCN/H20 TEOA CO/H: 28.5/9.1 76 0.01 12 [59]
3 RuSA-mCsNa DMF/H0 H0 HCOO 15002 n.d n.d 6 [60]
4 N-Ta20s/[Ru(dcbpy)2(CO)2]** MeCN/TEOA TEOA  HCOO 89 >75 n.d n.d [5]

5 2:(PFe)s ([Ruz(1)2]#(2)) 1=(bpysBz) DMA/H20 BIH CcO 2400 99,1 19.7 26 [26]
6 PS-RuC/RuCat DMF/TEOA BNAH CO/H: 23/6.1 n.d 6.7 1 [6]

7 RuRu'/Ag/P10 MeCN/TEOA/H2O TEOA  HCOO- 38000 71 42 48 [61]

RUSA: Ruthenium Single Atom; mCsNa: mesoporous carbon nitride; bpy3Bz=hexadentate tris(2,2"-bipyridyl), RuC: (Ru(bpy)s**; RuCat: [Ru(tpy)(6-mbpy)(CHsCN)]2+; tpy = 4"-phenyl-2,2":6',2"; 6-mbpy = 6-methyl-2,2'-
dipyridyl), P10: homopolymer poly(dibenzo[b,d]thiophene sulfone
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While highly efficient and selective molecular systems have been reported in organic media [62],
achieving photocatalytic CO, reduction in aqueous media is more appealing for practical applications
due to easier handling and coordination with artificial photosynthesis objectives. This perspective is
reflected in Table 5, where most of the studies focused on artificial photosynthetic systems in aqueous
media. Entry 3, (Table 5) demonstrates artificial photosynthetic conversion of CO: into methanol
using water as the sacrificial electron donor. The proposed mechanism for this reaction is displayed

in Figure 11.
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Figure 11. Plausible schematic representation of CO:2 photoreduction mechanism over RuSA-mCsNs catalyst
surface [60].

In the hybrid catalyst, RuSA-mCsN,, Ru atoms are anchored via Ru—C/N and possibly Ru-O
bonds. During aqueous CO,-to-HCOO- reduction with water as the electron donor, these
coordination sites may bridge electron transfer and increase charge density on Ru, reducing the
photocarrier transfer barrier and enhancing photocatalytic efficiency. Although the role of Ru-O
moieties remain unclear, the atomic dispersion of Ru strengthens Ru-C/N interactions, promoting
charge separation and suppressing electron—hole recombination. Consequently, RuSA-mC;N, shows
improved photocatalytic activity compared to pristine CsN4 [60]

Noteworthy, in aqueous systems, water can act as the electron donor, enabling net energy
production. However, the proton (H+)-rich environment poses a major setback, as it facilitates
competitive H+ reduction, often resulting in H2 generation instead of CO [57]. To address this
challenge, semiconductor-based molecular catalysts have been employed to promote CO,
photoreduction, with their band gaps and energy levels adjustable through crystal structure,
elemental composition, and ligand ratios. In particular, Ru complexes with bpy ligands have
demonstrated promising CO, reduction efficiency when integrated into various semiconductors,
including doped tantalum oxide (Ta,Os), paving the way for more efficient and selective aqueous-
phase systems.

A recent innovative advancement in semiconductor-based molecular CO, photoreduction was
reported by Morikawa et al. [57], who developed a monolithic “artificial leaf” by integrating N-Ta,Os
with [Ru(dcbpy)z(CO).J** (entry 4, Table 5). Leveraging the low overpotential of CO, reduction at
metal complexes, this single-device system efficiently produces formate from CO, and H,O in a
membrane-free, bias-free reactor, achieving a solar-to-chemical conversion efficiency of 4.6%,
surpassing that of natural photosynthesis. The CO, reduction rate increased with the number of
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dicarboxylic acid anchors, attributed to enhanced electron transfer from the conduction band of N-
Ta,Os to the Ru complex. Due to stronger nonadiabatic coupling, the COOH anchoring groups
facilitate faster electron transfer (7.5 ps) than POs;H, groups (56.7 ps), highlighting the importance of
anchoring group selection in optimizing the performance of CO, photoreduction systems [57].
Figureure. 11 illustrates a typical energy level diagram of hybrid photocatalysis with a semiconductor
and a metal-complex photocatalyst

HCOO-
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Figure 11. Ideal energy diagram of hybrid photocatalysis under visible light with a semiconductor and a metal-
complex catalyst (adopted from [57]).

Upon irradiation, the semiconductor generates charge carriers, electrons/holes (e7/h*). The
photoexcited electrons migrate from the semiconductor CB to the metal complex for selective CO,
reduction at the metal-complex catalyst (Figure. 11). The CB electrons drive the CO, reduction
reaction, while the photogenerated holes are neutralized by an electron donor (ED) [57]. Efficient
electron transfer requires that the CB minimum of the semiconductor is more negative than the lowest
unoccupied molecular orbital (LUMO) of the metal complex or its CO, reduction potential.

The problem of competing H, evolution in aqueous media has also been reported in conjugated
polymer photocatalysts, where residual palladium from synthesis can further promote proton
reduction. Thus, redirecting highly active polymer photocatalysts toward CO, reduction instead of
proton reduction remains a key yet unresolved challenge. In their attempt to provide a solution,
Sakakibara et al. [61] developed a supramolecular photocatalyst (RuRu'/Ag/P10), comprising a Ag-
loaded conjugated polymer and a binuclear Ru(ll) complex. This system displayed high catalytic
activity and durability for formate production (entry 7, Table 5). While residual Pd in the polymer
supported H, evolution in aqueous media, Ag nanoparticle loading enhanced CO, reduction
selectivity by effectively suppressing H, generation. Functioning as a semiconductor, the
RuRu'/Ag/P10 framework facilitates sequential visible-light photoexcitation, boosting oxidation
power and enabling the use of mild reductants such as water. Mimicking a Z-scheme in natural
photosynthesis, the system drives selective CO, reduction via an efficient electron cascade [61].

5. Effect of Parameters
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Ru(II) complexes can convert CO:z into CO, HCOO-, or CH,4, with product distribution and
selectivity strongly influenced by the ligand environment and reaction conditions.

5.1. Effect of Donors

Recent reports demonstrated that selectivity and efficiency of the CO:z photoreduction could be
modulated with electron donors [60]. Several authors have investigated the effect of sacrificial donors
on CO: photoreduction with varying results [41,61,63]. Most recently, Sakakibara et al. [61]
investigated the effect of MeCN and different electron donors on CO, reduction using the
RuRu'/Ag/P10 system under 5 hours of visible light irradiation (entry 7, Table 5). Among the tested
SDs, TEA in H;O/MeCN exhibited the highest formate yield, TON, and selectivity, implying optimal
electron transfer and catalyst activity. In contrast, TEOA and ASc showed moderate to low formate
yield, while no CO, reduction products were observed with EDTA-2Na in the absence of MeCN. TEA
in MeCN/H:20 emerged as the most effective condition, which contradicts earlier findings by
Hammed et al. [41] using a PNP pincer system. In the latter, substituting DMF with MeCN reduced
activity, while other donors such as ASc, NaASc, and TEA showed poor performance. Overall, the
results suggest that the SD type and solvent environment have a significant effect on the efficiency
and selectivity of CO, photoreduction, highlighting the importance of controlling these factors to
suppress competitive H, evolution and enhance formate selectivity.

In another study, the homobimetallic Cu and Co bisquaterpyridine catalysts paired with
Ru(phen)s?* showed that full catalytic performance was only achieved with a specific combination of
BIH, TEOA, and H,O. In contrast, monometallic systems were less effective, highlighting the
importance of cooperative metal centers for multielectron transfer processes [22]. Similarly, the Ru-
TPY-POR-CPG system achieved variable selectivity, favoring CO in the presence of TEA and shifting
to CHs with BNAH [53]. The contrast in product distribution can be explained by the oxidation
potentials of the donors, with BNAH enabling faster electron transfer and deeper reduction
pathways. While the Co (II) complexes and the CPG frameworks benefit from well-designed ligand
environments and sacrificial donors, the CPG system additionally leverages structural integration
and supramolecular assembly for improved charge separation and metal site availability. These
results align with the afore mentioned findings of [60], demonstrating the pivotal role of catalyst
structure, PS, and ED in determining the efficiency and product selectivity of CO, photoreduction.

5.2. Effect of solvent

The reaction medium critically influences the efficiency and product distribution in CO,
photoreduction. Solvent properties can lower the activation energy for CO, reduction and affect
selectivity by modulating the adsorption of the CO,™ intermediate on catalyst surfaces [65]. In low-
polarity solvents, CO,~ binds more strongly via the carbon atom, favoring CO and formate
production [65]. High-dielectric solvents, however, better stabilize CO,  through solvation,
weakening its catalyst interaction and promoting formate production. In metal-based systems,
solvent characteristics also govern the formation and stability of M-CO,  intermediates, further
emphasizing their role in shaping catalytic pathways. Table 6 summarizes findings by [62] on solvent
effects during 2 h of visible-light-driven CO, reduction.

Table 6. Effect of solvents on photocatalytic CO2reduction (adopted and modified from [62].

Entry Solvent Vi(cp) Sol (mol/L)  CO (umol) H: (mol) S (%)
1 Acetonitrile (MeCN) 0.4 0.3 42.6 7.4 85.2
2 Dimethylformamide (DMF) 0.9 0.20 29.4 48 86.0
3 Tetrahydrofuran (THF) 0.6 0.20 24.7 2.6 90.5
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4 dimethylsulfoxide (DMSO) 22 0.10 8.9 8.0 52.7

5 Water (Hz0) 1.0 0.03 0.2 1.9 10.8

V: viscosity; Sol: solubility; Reactions were perfomed under 1 atm and at 20°C;.

As shown in Table 6, photocatalytic CO, reduction is highly influenced by the reaction solvent.
Aprotic solvents such as MeCN and DMF promote higher CO production, with yields correlating
closely to CO; solubility rather than solvent viscosity. However, the MeCN results contradict the later
findings of Sakakibara et al. [61], where the removal of MeCN from the MeCN/TEOA/H,O solution
was found to enhance CO production, presumably due to improved dispersibility of the
photosensitizer and increased stability of the Ru complex. On the other hand, DMSO and H:0 show
poor performance due to low CO, solubility or unfavorable coordination environments. Notably,
THEF achieves the highest CO selectivity (90.5%) despite moderate CO yield, possibly due to its strong
coordination ability with the Co-bpy complex. These results emphasize the important role of solvent
viscosity and CO, solubility in boosting product yield and suppressing competing H, evolution.
However, in a recent study, Das et al. [65] cautioned that organic solvents such as ethyl acetate
(EtOAc), CH3CN, TEOA and TEA can undergo photolysis upon UV-Visible light exposure,
producing CO, CH,, C;H,, and H, even without a catalyst [65]. This may result in overstated catalyst
performance and product selectivity. Therefore, careful selection of solvents and SDs is crucial to
avoid misinterpretation in photocatalytic CO, reduction studies.

5.3. Effect of Substituents Groups/Ligands

Catalytic activity in CO, photoreduction strongly depends on the catalyst’s structure,
particularly the coordination environment of the metal center [35] . Improving performance requires
strategic selection and modification of metal centers and ligands, as structural changes to primary
ligands affect the properties and efficiency of metal complexes. In their related studies, Kuramochi et
al. [10,40] reported that TOFs were significantly affected by the type and position of amide groups
and other substituents on the bipyridyl ligand in trans-(Cl)-[Ru(bpy)(CO).Cl.]-type complexes.
Despite differences in hydrophilicity and molecular size, reaction rates correlated consistently with
the first reduction potential, offering a useful design strategy for Ru-based catalysts. Furthermore,
the molecular ratio of Ru(PS) to Ru(Cat) influenced product selectivity between CO and HCOO.
Similar findings were reported in other studies [26,63].

Additionally, in metal-based CO, reduction systems, the adsorption strength of CO,™ on the
catalyst surface has a profound effect on product selectivity. For example, HCOO- is the major
product in the RuC/mpg-C;Ny (mpg-CsNy: mesoporous graphitic carbon nitride; C: COOH) or
RuP/mpg-CsN, systems (P: POsH,), regardless of Ru(ll) complex loading or solvent. On the contrary,
CO selectivity increased markedly (40-70%) when mpg-C3;N4 loaded with higher amounts of RuCP
(CP: CH,CH,PO3H,) was used in solvents with high donor numbers (i.e., DMA, DMF, DMSO) and
TEOA as the electron donor [63]. The latter indicates that substrate concentration affects process
reactivity, which agrees with the earlier findings of Kuramochi et al. [11]. The effect of ligand
substituents was further demonstrated using dinuclear [26] nickel(II)-bipyridine [66], and cobalt (II)
tripodal complexes [35].

On the other hand, Hameed et al. [20] showed that the choice of metal center has a significant
influence on product distribution in CO, reduction. Bidentate N-(diphenylphosphino)-2-
aminopyridine ligands ({Ph,PNR}NCsHy4; R = H, CHs) were studied with Re(I) and Mn(I) complexes
in DMF using [Ru(bpy)s](PFe). PS and TEOA donor under visible light. The Mn complex ([Mn{i?-
(Ph,P)NH-(NCsH,4)}(CO)sBr], (1) produced CO with a TON of 55, >99% selectivity, and an AQY of
0.75. Replacing Mn with Re (complex (2)) shifted the product to HCOOH with a TON of 343, >96%
selectivity, and an AQY of 4.7. This shift in reactivity demonstrates the critical role of CO,
coordination: in complex (1), CO, probably binds via carbon, resulting in O-protonation and CO
formation, whereas in complex (2), O-bound CO, undergoes C-protonation, favoring HCOOH
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production. Br- addition further increased TON, supporting the hypothesis that Br- remains
coordinated after the second electron transfer, facilitating CO or HCOOH generation [20]

The effect of Lewis acids on visible-light-driven CO, reduction have also been investigated in a
previous study using Ni(II) complexes with pyridine pendants [32]. The enhanced selective CO
generation was probably due to the formation of a Mg?*-bound Ni complex, which strengthened
cooperative interactions between the Ni and Mg centers, with the Lewis acidic Mg?* stabilizing the
Ni-CO; intermediate [32].

6. Limitations and Perspectives

Ru(II)-based molecular photocatalysts for CO, reduction have made great strides in recent years,
but a number of drawbacks still prevent widespread use. The instability of essential components,
such as the Cat and PS, is a major problem, particularly in mixed systems where diffusion limitations
restrict electron transfer because of the physical separation of PS and Cat. Catalytic turnover and
overall efficiency are also compromised by the PS's proneness to deterioration in both its excited and
reduced states. Long-term stability and recyclability are further restricted by catalyst deactivation
via photolysis, precipitation (such as the polymerization of Ru(CO) into inactive species), or ligand
dissociation. For example, it has been demonstrated that [Ru(CO)], aggregates prevent effective
electron transfer from the PS, requiring the use of SDs and extra PS.

The choice of solvent and SDs is another crucial factor. Even without a catalyst, organic solvents
like MeCN and EtOAc and EDs like TEOA and TEA can undergo photo decomposition under UV-
visible light to produce CO, CHy, or H,. This could lead to overstated product selectivity and
catalyst efficiency. Furthermore, the production and stability of M-CO, intermediates are directly
affected by the solvent's dielectric characteristics and CO, solubility, impacting both the reaction rate
and product selectivity. The limited product selectivity of many systems, often requires subtle
modifications to the ligand structure, SD type and metal coordination. While CO and HCOO- are
major products, further reduction to other hydrocarbons such as CH, remains challenging and often
necessitates careful reaction parameter control.

Although dyad and supramolecular catalysts provide enhanced electron transfer through
intramolecular pathways, their development can be complex and expensive from a design
standpoint. ~ Additionally, high selectivity toward CO, reduction products is impeded by
competitive side reactions such as H, evolution, which are more prevalent in aqueous conditions.

Developing more resilient and scalable systems in the future will necessitate: (i) designing Cat
and PS units with improved photochemical and electrochemical stability; (ii) designing ligand
assemblies that facilitate effective and selective multi-electron transfer; (iii) implementing SDs that
are photostable and water-tolerant; and (iv) investigating earth-abundant metal alternatives to
minimize costs and increase sustainability. New approaches that could speed up these initiatives
and assist in overcoming present obstacles in photocatalytic CO, conversion include single-site
hybrid photocatalysts, nanostructured supports, and machine learning-driven molecular designs.
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