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Abstract: Heterogeneous electrochemical CO, reduction has potential advantages with respect to the
homogeneous counterpart due to the easier recovery of products and catalysts, the relatively small
amounts of catalyst necessary for efficient electrolysis, the longer lifetime of the catalysts, and the
elimination of solubility problems. Unfortunately, several disadvantages are also present, including
the difficulty of designing the optimized and best-performing catalysts by the appropriate choice of
the ligands as well as a larger heterogeneity in the nature of the catalytic site that introduces differences
in the mechanistic pathway and in electrogenerated products. The advantages of homogeneous
and heterogeneous systems can be preserved by anchoring intact organometallic molecules on the
electrode surface with the aim of increasing the dispersion of active components at a molecular
level and facilitating the electron transfer to the electrocatalyst. Electrode functionalization can
ﬁr;)edcgtfgsr be obtained by non-covalent or covalent interactions and by direct electropolymerization on the
Citation: Rotundo, L; Barbero, A electrode surface. A critical overview covering the very recent literature on CO, electroreduction
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by intact organometallic complexes attached to the electrode is summarized herein, and particular
attention is given to their catalytic performances. We hope this mini review can provide new insights

Electrodes Functionalized with into the development of more efficient CO; electrocatalysts for real-life applications.
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Global climate change generated by anthropogenic emission of CO, represents a major
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challenge for our society. Among various approaches, including chemical, electrochemi-
Publisher’s Note: MDPI stays neutral  cal, and photochemical techniques, the electrochemical conversion of carbon dioxide into
with regard to jurisdictional claims in  added-value chemicals mediated by catalysts using renewable electricity has attracted
published maps and institutional affil- ~ growing interest in recent years. Particularly interesting is the production of several liquid

iations. fuels in which CO, and hydrogen can be converted, such as methanol, light hydrocar-
bons, formic acid, dimethyl ether, etc. Recent decades have witnessed great advances in
the field of electrochemical CO; reduction reaction (CO,RR), but for applications on an

industrial scale, many potential drawbacks should be taken into account: the excessive
overpotential, the poor selectivity for the desired products, and, concerning the catalyst,
limited efficiency, low stability, and high costs. Different categories of electrocatalysts have
been investigated, including metal oxides, chalcogenides, nitrogen-doped carbons, and
transition metal complexes [1-12].
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frequency (TOF) because a higher n means a higher number of multielectron transfers
and multistep reactions. Thus, the CO; reduction products can also be advantageously
classified by considering only the number of electrons employed for the CO, reduction
(Equations (1)—(10)). The C,; products with n > 1 are generally very difficult to achieve,
and even fewer examples are reported for carbon-based electrodes functionalized with
molecular organometallic catalysts. A recent report from 2022 showed that copper ph-
thalocyanine has the ability to interact with carbon (CuPc/C) after pyrolysis to exhibit
an FE for CoHy of 42.6 £ 0.5% at an extremely low potential of —0.4 V vs. RHE toward
the electrochemical CO;RR, a process that was significantly boosted by the in situ oxygen
reduction reaction (ORR) [13]. Generally, C,, products with 7 > 1 are more easily obtainable
from metallic electrodes, as in the case of a recent report also published in 2022. This report
provided a catalytic system composed of ultrathin CuO nanoplate arrays, which form
Cu/Cu;0 heterogeneous interfaces through self-evolution during electrocatalysis. The
catalyst exhibited a high FEcs of 84.5%, stable electrolysis for ~55h in a flow cell using a
neutral KCl electrolyte, and a full-cell ethylene energy efficiency of 27.6% at 200 mA cm 2
in a membrane-based electrochemical cell [14].

CO, + 2 H" +2¢~ — CO + H,0O )

CO, + 2 H* +2¢~ — HCOOH @)

CO, +4H* + 4e-~ — HCHO + H,O 3)

CO, + 6 H' + 6~ — CH;0H + H,O 4)

CO, + 8H* + 8¢~ — CHy + 2 H,O (5)
2CO, +8H" + 8¢~ — CH3COOH + 2 H,O 6)
2CO, + 10 H* + 10e~ — CH3CHO + 3 H,0 @)
2CO, + 12 H* + 12~ — CH3CH,OH + 3 H,O 8)
2CO, + 12H* + 12e~ — CoHy + 4 H,O )
2CO, + 14 HY + 14~ — CHg + 4 H,O (10)

Regarding organometallic complexes, the local coordination and electronic environ-
ment of the metal center are key factors not only for the efficiency of CO,RR but also for
a selective production of CO, HCOOH, CH3;OH, CHy, etc. These catalysts cannot gener-
ally promote CO; reduction beyond the two-electron process to generate more valuable
products, although there are a few exceptions, e.g., cobalt phthalocyanines supported on
carbon nanotubes (CNT) [15,16]. Design of the optimized and best-performing catalyst
(high efficiency and tailored selectivity) can be addressed by the appropriate choice of
ligands and the presence of second coordination sphere interactions and cocatalysts.

For example, the presence of local protons in tricarbonyl Mn complexes containing
bpy-localized phenolic functionalities can afford not only CO but also formate via the CO,
insertion into a Mn hydride intermediate [17,18]. The hydride species for this category
of Mn catalysts has been recently proven to be crucial for steering the selectivity towards
formate when tertiary amines are strategically positioned on the bipyridine ligand [19].
The use of amines as additives with Mn(bpy)(CO)3;Br has also been demonstrated to play a
crucial role in directing the selectivity towards formate as a more desirable CO, reduction
product [20,21].

Excellent reviews have been published in recent years describing the use of transition
metal complexes in homogeneous CO,RR in terms of key strategies to improve reaction
rates, selectivity, and mechanistic insights [1,3-7,22,23].



Catalysts 2022, 12, 1448

30f25

One of the major advantages of homogeneous CO,RR is the use of single-atom tran-
sition metal complexes that have high selectivity and high performance, which can be
obtained by careful optimization of the electronic and steric environment. The great benefit
of the homogeneous approach is the use of in situ spectroelectrochemical techniques and
intermediate isolation, which provide insights into the electroreduction mechanism such
that catalyst performance can be improved with a clear materials design strategy. However,
for real-life application, heterogenization of electrocatalysts represents a key step for in-
creasing either their stability or durability and for increasing catalyst and product recovery
at the end of catalytic cycles. There are additional potential advantages for heterogeneous
electrocatalysts such as a more efficient electron transfer process to the attached or bonded
catalyst compared with that in solution, the need for smaller amounts of catalyst for efficient
electrolysis, and the possibility of using solvents such as water where the transition metal
complexes would be normally completely insoluble. Solid catalysts in principle present
a spectrum of active sites in which each of them possesses its own energetics, activity,
and selectivity. In other words, atoms located at surface steps or kinks can be different
both from one another and from other atoms situated at terrace sites or flat surfaces. This
situation is encountered with all metals and alloys and with a very large number of other
catalysts that are continuous solids. This situation reflects the variety of energetic condi-
tions associated with the adsorbed species and the presence of different catalytic pathways.
One strategy to preserve the advantages of homogeneous and heterogeneous systems is to
anchor intact organometallic molecules on the electrode surface with the aim of increasing
the molecular-level dispersion of the active components and the electrical conductivity of
the electrocatalyst in the CO;RR.

The combination of the two approaches could make the catalytic conversion of the
extremely stable CO, molecule into usable fuels or chemical products by using renewable
electricity and non-precious metals like manganese, cobalt, iron, nickel, copper, and zinc
a very appealing process for widespread application at an industrial scale [24]. Isolated
organometallic complexes anchored to electrode surfaces functioning as single-site cat-
alysts have received considerable attention due to their known electronic structure and
geometric configuration, 100% metal utilization efficiency, and outstanding activity. Here
we present an overview of the most important recent advances in the field of carbon-based
electrodes functionalized with intact organometallic complexes, focusing on their use as
CO; electroreduction catalysts.

2. Anchoring Strategies

Among the different techniques for immobilizing organometallic complexes onto the
electrode surface, two main categories can be identified: (I) non-covalent immobilization
(including insolubility immobilization, -7 interactions, and electrostatic interactions) and
(II) covalent immobilization through chemical reactions and electropolymerization. The
second approach has recently gained interest because of its appealing aspects, which might
overcome some of the limitations arising from the non-covalent immobilization strategy.
If the catalyst is anchored on the electrode surface via weak Van der Waals interactions,
leaching of the catalyst in the electrocatalytic solution may occur, especially during long-
term measurements. Additionally, non-covalent anchoring may not provide efficient
electron transfer between the molecular catalyst and the substrate. A third approach is the
periodic assembly method, which includes use of a metal-organic framework or porous
organic framework. Herein, we are going to focus our review on the main results for CO,RR
mediated by heterogenized molecular electrocatalysts on carbon-based electrodes because
the different immobilization techniques have already been widely discussed in other
reviews [2,25-27]. Graphitic electrodes, graphene derivatives, carbon cloth, carbon black,
carbon papers, and carbon nanotubes (CNT) are among the most widely employed carbon-
based materials in the field of CO,RR due to their high stability and conductive surface area.
The interaction of these supports with the molecular catalysts affects many variables such as
electron transfer, transport of species, and durability. For instance, MWCNTs (multi-walled
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carbon nanotubes) display high stability, high surface area, and high electrical conductivity.
Therefore, many electrocatalysts have been immobilized on CNTs.

Our research group published a review in 2016 about recent advances in catalytic
CO; reduction mediated by organometallic complexes anchored on electrodes [28]; in this
review we are going to report the findings in the field from then on.

2.1. Non-Covalent Bonding

The non-covalent immobilization technique might enable a facile screening of het-
erogenized electrocatalysts since normally no further functionalization of the ligand is
required. However, it must be considered that metal complexes should display relevant
attractive Van Der Waals interactions between (typically) the ligand of the metal complex
and the carbon-based substrate. This includes, for example, easily polarizable systems
with a high degree of aromaticity and significant delocalized electrons. Porphyrin and
phthalocyanine ligands possess a highly conjugated electronic structure that can be di-
rectly immobilized via 7-7t interactions. For ligands that are non-aromatic in nature and
exhibit a low content of delocalized structure, such as bipyridines, pincer derivatives, and
macrocycles (e.g., cyclam), a conjugated fragment such as pyrene needs to be embedded
in the molecular structure to effectively immobilize the catalyst onto the substrate via -7t
interactions involving the surface and the pyrene anchoring units (Figure 1).

CO, HCOOH, etc...

CO,

Figure 1. Representative scheme of non-covalent bonding via pyrene units on CNTs.

The most representative reports about bipyridine—pyrene immobilization include
the anchoring of the well-known Lehn catalyst [29,30], fac-Re(bpy)(CO)3Cl, on a graphite
support [31] (Figure 2a); to the best of our knowledge, this was the first report of the hetero-
genization on carbon-based electrodes of this highly selective CO,-to-CO electrocatalyst.
They observed that the catalytic activity was increased compared with the same dissolved
catalyst in a homogeneous solution. Surendranath et al. [32] published a powerful strategy
in which fac-Re(5,6-diamino-1,10-phenanthroline)(CO)3Cl was condensed onto o-quinone
edge defects (Figure 2b) on graphitic carbon surfaces to generate graphite-conjugated
rhenium (GCC-Re) catalysts that are highly active for CO; reduction to CO in acetonitrile
electrolyte. GCC-Re species on glassy carbon surfaces display catalytic currents greater
than 50 mA cm~2 with 96 = 3% faradaic efficiency for CO production (Table 1).
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Figure 2. Chemical sketches of the modified fac-Re(bpy)(CO)3Cl for further non-covalent immobiliza-
tion. (a,b) were adapted with permission from ref. [31,32], respectively.

In 2022, Costentin, Chardon-Noblat, and co-workers [33] investigated the effect of
conjugated and non-conjugated substituents, which are structurally similar to anchor-
ing compounds previously used to immobilize a rhenium carbonyl bipyridyl molecular
electrocatalyst. A drastic effect on the catalytic activity of the complex toward CO; electrore-
duction was observed for carboxylic ester groups, which mimic the anchoring of the catalyst
via carboxylate binding to the surface. Through spectroelectrochemical investigations, they
showed that the reducing equivalents mainly accumulated on the electron-withdrawing
ester on the bipyridine ligand, which prevented the formation of the rhenium(0) center and
its interaction with CO,. Conversely, they were able to show that alkyl-phosphonic ester
substituents not conjugated with the bpy ligand, which mimic the anchoring of the catalyst
via phosphonate binding to the surface, preserved the catalytic activity of the complex.

In 2011, Deronzier et al. [34] replaced Re with the cheaper and more abundant fac-
Mn(bpy)(CO)3Br. The electrochemical mechanism of Mn(bpy)(CO)sBr has been exten-
sively studied [34—40]. The proposed mechanism in a homogeneous solution is shown
in Scheme 1. From the depicted mechanism, it is clear that Mn requires addition of
external proton sources to activate catalysis. Once CO, binds the metal center of the
five coordinate species [Mn(bpy)(CO)3]~, a sequence of protonation and reduction steps
occurs. Two possible catalytic pathways focused on the different sequences of the reduc-
tion/protonation steps for evolution of the abovementioned metal carboxylic adduct have
been proposed. The protonation-first pathway starts with heterolytic C-OH bond cleavage
of the [Mn(bpy)(COOH)] species facilitated by a proton donor leading to the formation of
H,0 and [Mn(bpy)(CO)4]*, which is further reduced to generate [Mn(bpy)(CO)4]°. In con-
trast, the reduction-first pathway proceeds with reduction of [Mn(bpy)(COOH)] followed
by heterolytic C-OH bond cleavage, which yields H,O and the common [Mn(bpy)(CO)4]®
intermediate. Stepwise or concerted one-electron reduction and CO evolution steps com-
plete the catalytic cycle, regenerating the active catalyst. Notably, Scheme 1 also indicates
the possible formation of the Mn hydride species, which is considered to be the main inter-
mediate for formate release through the formation of the formato complex (MnO(CO)H).
New mechanistic insights have been provided by Daasbjerg and co-workers [41]. They
found that the dimer complex, Mn;(bpy)2(CO)g, is not, as is often assumed, formed by
dimerization of the singly reduced manganese complex, [Mn(bpy)(CO)3]®, but that it is
instead produced from its reduction to [Mn(bpy)(CO)3]~. The formation of the dimer by
this parent—child reaction can be suppressed by employing bulky ligands or immobilize
Mn(bpy)(CO);Br on surfaces.

In 2014, Cowan and co-workers [42] casted Mn(bpy)(CO);Br in a Nafion membrane
and subsequently added MWCNTs, whose presence led to a ~10-fold current increase in
CO; electroreduction to CO in neutral aqueous electrolyte (Figure 3a and Table 1). The
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same research group further investigated films composed of Mn-bpy-type catalysts in
Nafion/MWCNT on glassy carbon electrodes together with immobilization on TiO, [43,44].
Similarly, in 2017, Reisner et al. [45] reported the assembly of a [MnBr(2,2'bipyridine)(CO);]
complex anchored to a carbon nanotube electrode (namely CNT/Mn) via a pyrene unit
(Figure 3b and Table 1). Immobilization of this molecular catalyst allows the use of water as
solvent for the electrolysis. A deep mechanistic study by means of in situ IR spectroscopy
coupled with electrochemistry revealed how the product selectivity can be tuned by altering
the catalyst loading on the nanotube surface. At high-catalyst loadings, the main product
is CO, whereas at low loadings, the dominant product is formate. The reason for this
behaviour is the involvement of the different catalytic species mentioned earlier. At higher
surface loadings, the predominant species formed is the Mn dimer, which is mainly
responsible for the CO;-to-CO pathway. At lower surface loadings, the generation of a Mn
hydride intermediate is suggested to greatly enhance formate production.

This seminal work paved the way for other reports on the immobilization of Mn
bipyridine-type complexes. Sato and co-workers [46] reported that very low energy CO,
electroreduction can be achieved combining the use of Mn-bpy-type catalyst immobilized on
MWCNT with K* cations in solution (Figure 3c and Table 1). In this paper, the authors mostly
investigated the synergistic effect of the MWCNT and K* cations on lowering the overpotential
for CO, reduction in aqueous solution. A new Mn complex electrocatalyst, [Mn{4,4'-di(1H-
pyrrolyl-3-propyl carbonate)2,2’-bipyridine}(CO);MeCN]* (PFs)~ ([Mn-MeCN]), was devel-
oped and loaded onto conductive MWCNTs ([Mn-MeCN]/MWCNT). Experiments verified
that bare [Mn-MeCN] yielded minimal amounts of CO, reduction products in acetonitrile
with added water (5%) even in the presence of K* cations. Therefore, the effect of the Lewis
acid is negligible. On the other hand, the electrode tested without MWCNTs did not catalyze
CO; reduction even in the presence of K* cations. These observations indicated that the
presence of both MWCNTs and K* cations is important for a very high CO, reduction rate at
a low overpotential. Their findings indicated that CO, reduction can proceed through a one-
electron-reduced species (OER) of the Mn catalyst. Generally, OER species of metal complex
catalysts with electron-withdrawing groups do not readily react with CO, molecules due to
their very low LUMO potentials. They confirmed that [Mn-MeCN] cannot act as a CO, reduc-
tion catalyst without the MWCNT support and K* cations. Their work further highlights the
importance of the nature of the carbonaceous support and of the catalyst’s microenvironment.

I .
Br Br
N, | o +e N, \ «CO

Nidl Iv\In\co
co
- CoH
r;' \ ?/\ (N | o N, \ O
-Br .
M \co N ‘ "~co e
co H0, o) co
MeCN | o
( MecN_ ( . ( ( - co 19 CoH
- ‘ \Co / \CO / ‘

\co
eon \co ( N, M|n_\\\co C N//"M‘n“"co
| o

1

C .CO 0C,, )
N,
-~ | \co oc/ "~ ( \ «CO

/ \CO co

/‘\CO

HCOO™ |

“on ] o
CN’ M\n\co
co

Scheme 1. A common set of pathways that may occur after one- and two-electron reduction of
[Mn(bpy)(CO)3Br] (also valid for [Re(bpy)(CO);Cl]) in CH3CN and in the presence of CO, and
protons, resulting in the catalytic reduction of CO, to CO and formate by two different path-
ways: reduction-first (blue arrows) and protonation-first (red arrows). (rds = rate-determining

step). Adapted from ref. [39].
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Figure 3. Non-covalent immobilization of Mn-bpy-type catalysts on carbon nanotubes. (a) Repro-

duced with permission from ref. [42], (b) reproduced with permission from ref. [45], (c) reproduced
with permission from ref. [46].

In a similar fashion, a pyrene pincer ligand was used to immobilize an Iridium
complex onto a gas diffusion electrode via carbon nanotubes [47]. The most important
class of homogeneous electrocatalysts for formate production is the one of Ir(Ill) PCP-type
pincer complexes, mainly developed by Meyer’s group [47-51]. The generally accepted
mechanism for this category of catalysts proceeds through a two-electron, one-proton
process converting the precursor into the dihydride species, which rapidly binds CO, to
form a nl-formate adduct via an insertion into the Ir-H bond. Formate is finally released,
which is followed by regeneration of the starting species (Figure 4a) [50]. Specifically,
an iridium pincer dihydride catalyst was immobilized on carbon nanotube-coated gas
diffusion electrodes (GDEs) (Figure 4b). These GDEs are efficient, selective, durable, gas-
permeable electrodes used for electrocatalytic reduction of CO; to formate. High turnover
numbers (ca. 54,000) and turnover frequencies (ca. 15 s~!) were obtained in aqueous
solutions saturated in CO, with added bicarbonates (Table 1).
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Figure 4. (a) Proposed mechanism for CO, water-assisted reduction mediated by IrP-1. Reproduced
with permission from ref. [42], (b) carbon nanotube-coated gas diffusion electrode with surface-
bound Ir pincer dihydride catalyst for electrochemical reduction of CO; to formate. Reproduced with
permission from ref. [47].

One of the most popular macrocyclic ligands that has been used for decades in co-
ordination chemistry is 1,4,8,11-tetraazatetradecane, universally known as cyclam. Ni (1)
cyclam is a remarkable example for which the CO,-to-CO conversion occurs very efficiently
and selectively (high TON and high FE) in water (pH 4 to 5) at a mercury electrode. Re-
placing the mercury pool with an inert glassy carbon electrode enabled a high catalytic
activity for CO production to be reached in a 1:4 water-acetonitrile solution, although
it occurred at a slower rate [52-55]. Kubiak and collaborators were the first to attempt
covalent heterogenization of Ni-cyclam, although they had little success [56]. More re-
cently, an original pyrene—cyclam derivative and the corresponding Ni—cyclam complex
have been synthesized (Figure 5a). There was no precedent for its non-covalent immo-
bilization on a carbon-based nanostructured electrode [57]. The as-prepared electrode is
efficient, selective, and robust for electrocatalytic reduction of CO, to CO, (Table 1 for
its figures of merits). Very high turnover numbers (ca. 61,460) and turnover frequencies
(ca. 4.27 s~1) were enabled by the use of the novel electrode material in organic solvent—
water mixtures saturated with CO,. Similarly, Cowan and co-workers recently reported a
[Ni(CycPy)]** = Ni(1-(4-(pyren-1-yl)butyl)-1,4,8,11-tetraazacyclotetradecane)-modified GDE
that was tested for the first time in an aqueous electrolyte (0.5 M KHCO3), where it was shown
to be active towards CO production despite the fact that the catalytic activity decreased over
time [58]. The non-covalent interaction between the pyrene group and the carbon surface
does not prevent desorption of the catalyst in aqueous conditions, in which the complex
can easily dissolve. In a GDE structure, the wetting of the catalyst layer is limited by the
additional polytetrafluoroethylene (PTFE) added to the catalyst ink used when preparing the
electrode, but desorption still occurs. Fontecave and collaborators published a very recent
paper in which they showed the ability of a heterogenized C-substituted Ni-cyclam catalyst
to electro-reduce CO; to CO in water [59]. The interaction between the cyclam ligand and the
electrode surface was demonstrated to significantly affect the efficiency of Ni-cyclam catalysts.
N-functionalization seemed to result in increased structural hindrance when attached to the
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electrode, as it prevented the ligand from maintaining a flat structure that favors selectivity
for CO. Thus, this was the first time the Fontecave group placed the pyrene substituent on
a carbon atom of the cyclam ligand (Figure 5b). After its immobilization on MWCNTs and
deposition on a Gas Diffusion Layer (GDL), the modified electrode is very active, stable, and
highly selective for CO, electroreduction to CO, retaining excellent selectivity for CO (FE up
to 87%) in aqueous medium (Table 1).
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Figure 5. (a) Synthetical steps for a cyclam derivative N-functionalized with a pyrene moiety. Adapted
from ref. [57], (b) Synthetical steps for a cyclam derivative C-functionalized with pyrene. Adapted
from ref. [59].

As mentioned earlier, metal phthalocyanines can be easily adsorbed on surfaces
because of their scarce solubility in organic solvents and water. Commonly employed
techniques for functionalizing these molecules are dip-coating and drop-casting. Dip-
coating is a simple and low-cost method that involves the deposition of a wet liquid
film by simply immersing the electrode in a solution containing the metal catalysts (i.e.,
solutions of cobalt phthalocyanine in dimethylformamide). After drying the substrate,
a homogeneous liquid film is formed on the substrate’s surface. This technique allows
acquisition of very reproducible results in comparison with the drop-casting method. The
latter is very commonly employed for producing chemically modified electrodes in which
the modifying layer is composed of particles such as nanotubes or nanoparticles. The major
drawback of drop-casted surfaces is their scarce reproducibility [60,61]. A very recent and
detailed review about immobilization strategies for porphyrin-based molecular catalysts
for the electroreduction of CO, was published in 2022 by Burdyny et al. [62]. In this review,
the authors listed the majority of the variously substituted Fe tetraphenyl porphyrin that
have been shown to be the most active homogeneous catalysts for CO,-to-CO conversion
in aprotic solvents (DMF, MeCN) reported in the literature [2,63-71]. Few examples will
be cited herein; for a more extensive screening for this category of catalysts, the reader
is redirected to ref. [62]. One of the earliest works on heterogenization of porphyrins
reported a pyrene-appended iron triphenyl porphyrin bearing six pendant OH groups
on the phenyl rings in all ortho and ortho’ positions that was immobilized on carbon
nanotubes via non-covalent interactions and that was further deposited on glassy carbon.
This modified electrode was found to be active for electroreduction of CO, to CO in water
(pH 7.3) with 480 mV overpotential [72]. A comparative study of amino functionalized
iron-tetraphenylporphyrins (amino-Fe-TPPs) immobilized onto carbonaceous materials
in both H-cells and flow cells was conducted to selectively reduce CO; to CO. In a flow
cell set up operating in alkaline media, the resulting hybrid catalyst exhibited 87% faradaic
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efficiency with extraordinary current density (j) of 119 mA/cm? and turnover frequency of
14 s~ at —1.0 V vs. RHE. By combining the heterogenization approach with a flow cell
design it was possible to obtain a significant catalytic activity and an effective strategy for
future approaches toward CO,RRs. Figure 6 depicts an operational scheme for common
immobilization of metal tetraphenyl porphyrins on CNTs.

K

2

[1;
'L'al DMF.
T 1) sonication
iy % I 2) drop casting
[~ ] 3) dryin
A7 rying

MTPP = =
CNT or CB MTPP-CNT/CB

Figure 6. Immobilization of the catalyst-carbon composite on GC. (M = Co or Fe, TPP = tetraphenyl-
porphyrin, CB = Carbon Black). Reproduced with permission from ref. [73].

Among the most recent and original results, cobalt phthalocyanines modified with
-NH, groups were dispersed on CNTs and were found to catalyze the electrochemical
conversion of carbon dioxide to methanol (Figure 7a) [15,16]. In the same year, a cobalt
phthalocyanine bearing a trimethyl ammonium group appended to the phthalocyanine
macrocycle adsorbed on MWCNTs was found to be able to catalyze the reduction of
CO, to CO in water with 95% selectivity, good stability, and a maximum partial current
density of 165 mA cm~2 (at —0.92 V vs. RHE) [16]. Conversely, a Co porphyrin catalyst
was previously adhered on CNT supporting material, which greatly enhanced catalytic
activities and enabled catalysis in water, which was otherwise impossible. However, the
main reduction product still remained CO [73,74].

In a relatively recent paper, planar Co(Il)-2,3-naphthalocyanine (NapCo) complexes
were immobilized onto doped graphene, which resulted in a heterogenous catalytic system
for the CO,-to-CO reductive pathway (Figure 7b) [75]. A systematic study revealed the
importance of the dopants employed; compared to carboxyl dopants, the sulfoxide dopants
further improved the electron communication between NapCo and graphene, which in-
creased the turnover frequency of Co sites by ~3 times for CO production with a faradaic

efficiency ug to 97%. . ) . .
Another strategy for effective anchoring of intact organometallic molecules on car-

bonaceous supports through 7-7 interactions is the use of the sono-deposition method [76].
Sono-immobilized CoPc on carbon cloth exhibited a high selectivity for CO production in
aqueous media over a wide range of potentials from —0.5 to —0.9 V vs. RHE. Interestingly,
the CO faradaic efficiency is over 80% in the studied potentials range, and the conversion
efficiency to CO production reached 96% at —0.9 V. The CoPc/CC catalyst retained its
selectivity with no sign of degradation for 10 h of electrolysis, making it one of the most
robust catalysts reported so far.

Focusing on a metal other than cobalt, Kraatz and co-workers. [77] reported a modified
1,3-ditert-butylimidazolin-2-ylidenamino nickel porphyrin for anchoring onto CNTs. With
respect to the homogeneous counterpart, they were able to show that there was a dramatic
enhancement of product selectivity and catalytic activity at a much more positive potential
of —0.5 V versus RHE.
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Figure 7. (a) Co phtalocyanines as CO; to MeOH electrocatalysts. Reproduced with permission
from ref. [15], (b) NapCo for CO,-to-CO electroreduction on doped graphene. Reproduced with
permission from ref. [75].

Table 1. Figures of merits of selected molecular electrocatalysts anchored on carbon-based electrodes

via non-covalent immobilization.

Faradaic

Support/Catalyst E/(V) Efficiencies TON/TOF J/(mAcm~2) Time (min) Electrolyte Ref
. —23 e ~ . MeCN/0.1M
Graphite/Re vs. Fot/0 FEco =70% TONco = 58 n.s. 85 TBAPF, [31]
—2.16 o . MeCN/0.1M
GCC/Rephen vs. Fet/0 FEco = 96% TONco = 12,000 ! jco=1.0 120 TBAPF, [32]
14V v 30 mM Nap,HPOy4
Mn/Nafion/CNT A/A cﬁ' FEco = 22% TONco = 101 jco =179 240 +30 mM [42]
&/ 8 NaH,PO,)
11 jCO =5and
CNT/Mn vs. SHE FEco =34 =+ 4% TONco = 1000 1.5 in the first 480 0.5 M KHCO; [45]
’ hour, then 0.5
—0.39 _ o TONco =722 . 0.1 M K;B4O7 +
MWCNT/Mn vs. RHE FEco = 84 + 4% (after 24 h) ico =2.61t02.0 2880 02 M K50, [46]
GDE coated
. —-14 TON = 54,000 .
with CNT/ vs. NHE FEformate = 83% TOF formate _ 15’5 1 jformate = 15 60 0.1 M NaHCO3; [47]
Ir-pincer ) formate
MWCNT on
GDL/ 254 ) TONco = 61,460 . MeCN/0.1M
Ni cyclam (N- vs. Fct/0 FEco =92% TOFco =427 571 jco=6 240 TBAPFq [57]
1%water

functionalized)
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Table 1. Cont.

Support/Catalyst E/(V) Efgg‘e‘if:fes TON/TOF J/mAem~2)  Time (min) Electrolyte Ref.
FEco = from 50%
. oy -14 after 20 min to 1 .
GDE/[Ni(CycPy)* Ag/AgCl 50% after TOFco =55 h jco =0.6 150 0.5 M KHCO; [58]
140 min
MWCNT on
GDL/ —-0.8 o TONco = 248 after .
Ni cyclam (C- vs RHE FEco = 90% Cgo i jco=6102.5 240 0.1 M KHCO; [59]
functionalized)
CNT on GC/ —0.59 omo TON(o = 432 o
Ironporphyrin vs. RUE FEco = 93% TOFco = 144 h-! jco =0.186 180 0.5MNaHCO;  [72]
CNT/FeTPPNH,  —0.8 vs. RHE FEco = 79% TOFco = 0.05 5~ jco =129 150 0.1 M KHCO; [78]
CNT/CoTPP —0.8 vs. RHE FEco = 70% TOFco =2.75 s~ jco =09 240 05MNaHCO;  [73]
_ _ -1
CNT/CoPcNH, vs 11;;%5 FEmeon = 28% ESIEIT:C(’; ‘_%’88%5’0 1 jMeoH = 10 720 0.1 M KHCO; [15]
. el - 7
Doped -08 FEco = 97% TOFco = 0455~ jco =25 150 0.1MKHCO;  [75]

graphene/NapCo vs. RHE

! calculated on the basis of the turnover frequency (TOF) and measurement duration. * Not specified, although
current reported is about 2 mA and the reported electrode area is 0.09 cm?.

2.2. Covalent Bonding

The formation of covalent bonds between the catalyst and the electrode is beneficial
in terms of the stability and durability of the catalyst. It is a more robust alternative to
non-covalent immobilization, which can lead to some catalyst leaching after several hours
of operation, especially when using solvents in which the molecular catalyst itself can
be dissolved. This strategy can also provide a more efficient electron transfer between
the electrode and the molecular catalyst. Covalent functionalization can proceed through
chemical reactions or through electrochemical reactions, i.e., electropolymerization. The
number of reports for covalent immobilization is significantly lower than the non-covalent
counterpart. This might be due to a more challenging synthetic procedure that should be
followed in order to precisely tune the ligand structure and the electrode surface.

2.2.1. Formation of Chemical Bonds

Many classical organic reactions, including C-C couplings, C-N couplings, and click
chemistry can be used for covalent grafting. The major results of the covalently anchored
electrocatalysts that will be considered in the remainder of the review are listed in Table 2.

A recent paper reported high activity for the reduction of CO, to CO of a cobalt(II)
phtalocyanine (CoPc)-COOH/(CNT)-NH; hybrid catalyst that was rationally designed
by clicking CoPc-COOH molecules onto the surface of CNT-NH, through an amidation
reaction [79]. The superior activity of this novel hybrid catalyst (Figure 8a) was ascribed
to a better charge transfer induced by the presence of -COOH and NH; moieties on the
catalyst and on the CNT, respectively. A similar chemistry was employed in 2012 in the
case of an alkyne-substituted cobalt porphyrin that reacted with an azide-functionalized
diamond surface through a copper(I)-catalyzed alkyne-azide cycloaddition reaction to
fabricate a monolayer heterogeneous molecular catalyst [80].

Molecular catalysts such as porphyrins and phtalocyanines have the tendency to
aggregate at high loadings. Therefore, to improve catalyst dispersion, the strategy of
strengthening the interaction through covalent bonds between supports and molecular
catalyst is advantageous. This was realized by Zhu et al. [81] in 2019, who prepared carbon
nanotubes functionalized with pyridine (Figure 8b), which could then coordinate the metal
centers. This novel hybrid catalyst exhibited a high activity (TOFco: 34.5s7 1 at —0.63V vs.
RHE) and selectivity (FEco > 98%) for electrochemical CO; reduction. In the same year,
McCrory et al. provided evidence that the axial coordination from the pyridyl moieties in
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poly-4-vinylpyridine to the cobalt-phthalocyanine complex changes the rate-determining
step in the CO, reduction mechanism, thus accounting for the increased activity in the
catalyst—polymer composite [82].

FE.o = 91%
Jeo = 22.4 mA/cm?

100
e NEEIS —A—CoPc
= = —=— CoPc-CNT
N _ N

N —e— CoPc-py-CNT

N,
&
»
1
01
10" O 10° 10° 107
loading (mol/cm?)

Figure 8. (a) Scheme of the click reaction for the formation of (CoPc)-COOH/carbon nanotube

(b)

(CNT)-NH; hybrid electrode. Reproduced with permission from ref. [79], (b) Pyridine functionalized
CNT/CoPc. Reproduced with permission from ref. [81].

In 2021, an active and stable bifunctional electrocatalyst was elaborately designed to
achieve the integration of CO, reduction and anodic non-classical reaction to efficiently
yield products of high value at both electrodes. The system was built by anchoring novel
multi-azido-group-bearing nickel phthalocyanine onto carbon nanotubes at the single-
molecule level via strong interactions. The obtained heterojunction-type electrocatalyst
exhibited ultrahigh activity for completely selective CO,-to-CO conversion with a 100%
faradaic efficiency in a wide potential window, large partial current density (>200 mA cm~2)
and turnover frequency, and remarkable stability [83] (Figure 9a).

Another original work involving Co phtalocyanines was recently published by Lv et al. [84].
In this study, the authors synthesized ultra-thin (~5 nm) nitrogen-doped hollow carbon spheres
with high specific surface area to anchor CoPc via the coordination affinity between pyrrolic
N species and the central atom of CoPc (Figure 9b). By adjusting the loading of CoPc, they
systematically explored the influence of the existence formation of CoPc in the hybrid catalyst
on CO,RR. The content of Co in the optimal existence formation of CoPc was c.a. 049 wt%, i.e.,
CoPc@HCS-6. This hybrid catalyst exhibited a good turnover number for CO, a good turnover
frequency, an energy efficiency of 57.6%, and a CO-production rate of 0.232 mmol h~! cm~2. Ad-
ditionally, its FEco remained above 90% at the potential ranging from —0.67 to —0.87 V vs. RHE,
which is dramatically higher than pure CoPc at the same potentials.



Catalysts 2022, 12, 1448

14 of 25

Table 2. Figures of merits of selected molecular electrocatalysts anchored on carbon-based electrodes

via covalent immobilization.

Support/Catalyst E/(V) Faradaic Efficiencies TON/TOF J/(mAcm~2) Time/h Electrolyte Ref.
CNT-NH, /CoPc 0.8
through click s RHE FEco =91% *1 TOF o = 9606 h—1 jco =224 48 0.5 M KHCO3 [79]
chemistry :
Pyridine _0.63
functionalized vs RHE FEco > 98% TOFco = 345571 n.s. 12 0.1 M NaHCO;3 [81]
CNT/CoPc ’
Hollow Carbon —0.82 _ oko TONco ~753,864 L )
Spheres-6/CoPc vs. RHE FEco = 96% TOFco =21 o1 jco =20.47 10 0.5M KHCO3 [84]
CNT-
NH, /FeTPP- ~1.06 oo TONco = 750
COOH through ~ vs. SHE FEco = 80% TOFco =178 h™! ns. 3 O05SMNaHCO;  [8]
amidation
CNT- —0.65 oo TONco ~ 60,000 .
OH/CoPPCl vs. RHE FEco =90% TOFco = 1.37 571 jeo =251 12 0.5MNaHCO; 6]
Carbon
Cloth/CoTAP .
0L ~1.05 FEco = 67% (= 81% is TONco - 3,900,000
thg;:;g:nli?uitu vs. NHE maintained for 8 h) TOFco =83s7! ns 24 0.5 M KHCO, [87]
reduction
~1.095 *2 TONco ~ 60,000
CNT/CoTAP vs NHE FEco ~ 100% intrinsic jco =254 24 0.5 M KHCO;3 [88]
) TOFco = 36.6571
MeCN/0.1 M
Carbgrlla/sixlynb e %5,0 FEco = 75% TONCco = 360 ico=02 1 TBAPFg +4%v  [89]
197 . H,O
CC/Mnbpy v X;)Sng1 FEco = 60% TONo = 33,200 ico=1 10 01MKHCO;  [90]
—0.67 FEco = 76% TONco = 145,286 o
GDL/Mnbpy vs. RUE FEq o = 10% TONj o = 19,252 jco = 4.0 16 0.1 M KHCO; [91]
MeCN/0.1 M
-1.75 FEformate = 66% TONformate = 28,000 _
CC/Mnbpy Vs, Fot/0 FEco = 5% TONeo = 3000 Joot =1 22 TB?’I;/II:E) E%AmM [21]

*1 assuming all of the cobalt sites being electrocatalytically active, *? after 4 h of operation.

In 2016, Maurin and Robert reported the grafting of an Fe porphyrin through a
covalent bond between the peripheral carboxylic acid group and the surface amine group
of modified carbon nanotubes, for which they obtained a high CO selectivity and turnover
at 500 mV overpotential (Figure 10a) [85].

As mentioned earlier, direct grafting of the catalyst through covalent bonding can be
achieved through the reaction between surface functional groups of the support and pe-
ripheral functionalities. One of the major disadvantages of this approach might be the high
distance between the metal and the electrode as a consequence of poor electron-conducting
bonds, which could result in delayed electron transfer. Therefore, in 2019, a new strategy
to prepare highly dispersed molecular electrocatalysts was developed (Figure 10b) [86].
In this case, metal centers (cobalt from cobalt porphyrins) were directly grafted onto car-
bon nanotubes through covalent bonds, leading to much improved catalytic performance
compared with those prepared via traditional physical mixing methods. To synthesize the
grafted catalysts, protoporphyrin IX cobalt chloride (CoPPCl) was refluxed with hydroxyl-
functionalized carbon nanotubes (CNT-OH) in ethanol with the addition of triethylamine.
A covalent bond is formed between Co and a surface O atom. As a result, the turnover
frequency for CO formation was improved by a factor of three compared with traditional
physically mixed catalysts with the same cobalt content. This led to an outstanding overall
current density of 25.1 mA/cm?, a faradaic efficiency of 98.3% at 490 mV overpotential,
and excellent long-term stability.
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Figure 9. (a) Schematic illustration of the overall synthetic procedure for N3NiPc and N3NiPc-CNT:
(i) DMF, K,COg3, r.t., 72 h; (ii) DMF, NaN3, 80 °C; (iii) nickel acetate after dehydration, DBU, 135 °C,
48 h, Ar gas; and (iv) THEF, 80 °C, 24 h. Reproduced with permission from ref. [83], (b) Illustration of
the preparation procedure of CoPc@HCS-x (x = 1-9) heterogeneous molecular catalysts. Reproduced
with permission from ref. [84].

Another example of covalent immobilization was reported by Jiang and co-workers
(Figure 11a) [87]. They presented their concept of “molecular wire” to covalently anchor Co
porphyrins on carbon cloth. The strategy employed was the in situ reduction of diazonium
salt. Formation of CO in a neutral aqueous electrolyte at —1.05 V vs. NHE (n = 500 mV)
occurred with a TOF of 8.3 s~!. Enhanced catalytic activity was achieved, with the total
CO production being about 2.5 times higher than that of the non-covalent counterpart after
a 4 h of electrocatalysis. However, the performance was still far from meeting industrial
requirements because of the relatively modest intrinsic activity of CoTPP. Additionally,
the use of diazonium salts for the modification of powder-like CNTs requires a large
excess of expensive porphyrin substrate, and a more atom-efficient method would be
beneficial. For all these reasons, the same research group recently published a paper about
covalent grafting of cobalt aminoporphyrin-based electrocatalysts onto carbon nanotubes
for excellent activity in CO, reduction [88].
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Figure 10. (a) Scheme of the grafting of Fe porphyrin onto CNT surface through amidation. Repro-
duced with permission from ref. [85]. (b) Preparation of chemically grafted cobalt porphyrins on

CNT-OH. Reproduced with permission from ref. [86].

Ph

Ph Ph
1) electroreduction
on carbon cloth

NaNO, 0.0 Vvs AgCl
Ph Ph —— T2 Ph Ph Ph
TFAMH,0 2) 0.05M Co{OAc);
-5°C; 30 min DMF/AcOH 9:1
45 min; 120°C
TPP-NH, TPPNy CoTPP-cov
@ ., N

(b)

Figure 11. (a) Preparation of covalently immobilized Co tetraphenylporphyrin (CoTPP-cov). Re-
produced with permission from ref. [87]. (b) Covalent ligation of CoTAP on CNTs (CoTAP-cov).

Reproduced with permission from ref. [88].

They combined the benefits of both approaches by covalently immobilizing a porphyrin-
based catalyst bearing donating substituents onto the surface of MWCNTs. Co tetrakis-
(4-aminophenyl) porphyrin (CoTAP) was chosen as a catalyst, and its covalent grafting
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was achieved via nucleophilic substitution of ClI~ within the in situ-generated -COCI-
modified CNTs (Figure 11b). The covalently grafted complex CoTAP-cov exhibited a
turnover frequency for CO formation (TOFco) of 6.0 s~!, and the faradaic efficiency to CO
(FEco) was ~100% at the overpotential of 550 mV, making it one of the best catalysts to date.
In contrast, the non-covalently immobilized counterpart CoTAP-noncov showed a more
moderate TOFco of 2.3 s! and a lower FEco of 85%.

The addition of the donating -NH, group into the structure of porphyrin greatly
enhanced the electron density on the cobalt center thus boosting its intrinsic activity to
TOFco of 36.6 s~!. They concluded that the amide bond could act as a molecular wire to
enhance the electron transfer from CNTs to the cobalt center.

Clearly CO; electroreduction mediated by metalloporphyrins and metallophtalo-
cyanines anchored on carbon-based electrodes, both via the covalent and non-covalent
approach, represents the majority of reports present in the literature. Additionally, most of
these hybrid electrocatalysts are selective for reduction of CO, to CO as the major product.

Our research group has significant expertise in covalently anchoring Re and Mn
bipyridines on carbon-based electrodes. Lately, we have mostly focused on Mn because it
is a better replacement than Re, as it is cheaper and more abundant.

In 2017, we reported the catalytic activities of fac-Mn(apbpy)(CO);Br and fac-Re(ap
bpy)(CO);Cl (where apbpy = 4(4-aminophenyl)-2,2’-bipyridine), Figure 12a, anchored
on glassy carbon electrodes [89]. The functionalization was performed via two different
immobilization strategies: (a) direct electrochemical oxidation of the amino group with the
formation of C-N bonds and (b) electrochemical reduction of the corresponding diazonium
salts with the formation of C-C bonds.

NH, NH,
Oi(i? O:j?
R

n e
Mn, IS
() oc’ b 'co oc’ L'co

(b)

Figure 12. (a) Chemical sketch of the complexes under study. (b) Preparation of the fac-
Mn(apbpy)(CO)3Br/CC (3/CC) electrode via diazonium salt reduction; (1) in situ preparation of the
diazonium salt; and (2) direct electrochemical reduction on carbon cloth.

For both metals, the functionalized electrodes obtained by reducing the diazonium
salts displayed better durability than the ones obtained by oxidizing the amino moiety, a
fact that was mostly evident for Mn. Both electrodes were tested for CO, electroreduction
in acetonitrile to better compare their performances with their homogeneous counterparts.

In this work, we synthesized and isolated the corresponding diazonium salts of the
complexes for their subsequent electroreduction, and we simplified this procedure in
2019 by chemically bonding the Mn complex to carbon cloth (CC) [90]. This was done via
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direct in situ generation of the corresponding diazonium salt (employing amyl nitrite) and
immediate electrochemical reduction (Figure 12b).

Carbon cloth was chosen as support because of its low electrical resistance, relatively
low cost, and large surface area. This hybrid electrode was tested as a CO; electrocatalyst in
aqueous conditions, and the performance was very promising. It displayed high durability
(after 10 h the electrocatalyst was still very active), it was capable of producing 4.5 Nl h~!
of CO per electrode square meter at —1.35 V (vs. RHE), and it had a faradaic efficiency
(of CO) of 60% with the rest being H,. Thus, it appears to be an ideal catalyst for syngas
production. The cumulative TON for CO production reached more than 33,000 after 10 h
(Table 2).

The extremely low metal loading of the electrocatalyst (0.45 mgMn cm~2 geometric
surface area), corresponding to a monolayer of the organometallic complex and a mass
activity of 870 NICO h~! gMn~!, demonstrated a very high metal atom specific efficiency.

The same Mn electrocatalyst has been anchored (also through diazonium salt reduc-
tion) on a GDL. Ref. [91] This decorated GDL electrode was able to convert CO, into CO and
HCOOH with faradaic efficiencies of 76% and 10%, respectively, with a CO-productivity
close to 70 N1 min~!gyg, ~! and with CO,RR turnover numbers reaching up to 1.6-10°. This
result largely outperformed a state-of-the-art gold nanoparticle electrocatalyst (Au/C
10 wt%) operating in the same cell conditions.

Unlike in half-cell systems, a complete gas-fed electrochemical cell is potentially
scalable by increasing the electrode surface. The electrocatalyst operating at the liquid—
gas interface showed a TON value which was almost four times greater than the value
reported in a half-cell (CO,-saturated electrolyte) study, suggesting that the enhanced mass
transport due to CO;, gas feeding plays an important role in the overall electrocatalytic
performance, as was already reported for metal nanoparticles. Furthermore, no formate
was detected after 10 h of operation at the same cathodic potential in the previous half-
cell study. Conversely, a FEycoon of 10% was observed in the gas-fed system. Such a
selectivity difference was also observed by Reisner et al. [45] (see Section 2.1) at different
electrocatalyst loadings for [MnBr(2,2"-bipyridine)(CO);3] in aqueous conditions. However,
when comparing gas-fed full-cell experiments with half-cell experiments, the difference
cannot be ascribed to a different loading of the electrocatalyst, as the preparation of the
electrocatalyst is identical. Hence the difference in selectivity can be hypothesized to be
related to a lower interfacial pH due to the presence of pure CO, in the GDL that buffers the
pH by consuming OH™ formed both by CO,RR and HER to produce HCO; ™. It is reported
that more acidic conditions in homogeneous Mn-bpy solutions increase the production of
the hydride and hence formate.

Intrigued by this difference in selectivity, we tested the same Mn system as a CO,
electrocatalyst in methanol and in the presence of amines [21]. Amines can play many
different roles in the field of CO;RR [92], including acting as proton sources. With our
recent paper, we demonstrated that this role can be played by methanol and that the adduct
formed between CO, and the amine can act as an effector or inhibitor toward the catalyst,
thereby enhancing or reducing the production of formate. Pentamethyldiethylentriamine
(PMDETA), identified as the best effector in the series of studied amines, converted CO, in
wet methanolic solution into bisammonium bicarbonate. Computational studies revealed
that this adduct was responsible for a barrierless transformation of CO, to formate by
the reduced form of the Mn catalyst covalently bonded to the electrode surface. As a
consequence, selectivity can be switched on demand from CO to formate anion, and in
the case of (PMDETA), an impressive TONycoo- of 2.8 x 10* can be reached. This new
valuable knowledge of an integrated capture and utilization system paves the way toward
a more efficient transformation of CO, into liquid fuel. Formate is a more appealing
reduction product than CO, and this hybrid Mn electrocatalyst was found to be one of the
rare examples among the covalently bonded molecular complexes listed in this review that
is able to reduce CO, to formate.
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2.2.2. Electropolymerization

An alternative approach for preparing functionalized electrodes containing highly
dispersed catalysts for CO, electroreduction is the electropolymerization of polymerizable
functional groups bound to the metal [93-95].

This approach may represent an alternative pathway to support the desired intact organo-
metallic catalyst on an electrode surface. Activity and lifetime of the solid-supported catalysts
can be greatly enhanced with respect to the corresponding homogeneous counterparts.

The electropolymerization process is based on deposition of a polymer onto the surface
of a solid electrode material that involves the formation of cationic radical by the oxidation
of the monomer on the electrode. In general, electropolymerization is a cost-effective
and easy-to-use method for the preparation of electrosynthetic conducting polymer films.
Electrodes functionalized by electropolymerization show unique morphological, electronic,
and electrochemical properties. Electropolymerization is initiated by the oxidation of a
monomer in an electrochemical cell, followed by the growth of the polymer film on the
surface of the working electrode, which may be a carbonaceous, metallic, or conducting
glass material. Interesting catalytic performances in electrocatalysis, photocatalysis, and
organocatalysis have been obtained by the use of atomically isolated metal catalysts that
maximize atom utilization efficiency and tuneable coordination microenvironment [93,94].

The polymeric films obtained are electroactive, stable, and reasonably uniform. Fur-
thermore, they can contain, by their nature, a redox center in each repeating unit of the
polymer. Continued growth of the polymer film can be facilitated by the redox conduc-
tivity since the outer boundary of the film can act as an electron transfer mediator at the
film-solution interface. For example, in the case of [(vbpy)Re(CO);Cl] (where vbpy is
4-Me-4'-vinylbpy) and its nitrile derivative, the formation of vinyl-linked polymers on
the surface is obtained by reduction of the complexes to form films of the catalyst at the
electrode at potentials that are sufficiently negative to reduce the ligand before diffusional
loss from the surface [96,97].

Electropolimerization of Re bpy complexes bearing bisphenylethynyl [98,99] or thio-
phene [100] moieties produce electron-conducting films. In the case of thiophene [100], the
chemically modified electrodes show significant catalytic activities for CO, reduction and
higher relative stabilities when compared with the homogeneous solution counterparts.

Wu and co-workers [101] were able to obtain porphyrinic triazine frameworks through
the polymerization of the monomers 5,10,15,20-tetrakis(4-cyanophenyl)-porphyrin (TP-
PCN) or [5,10,15,20-tetrakis(4-cyanophenyl)-porphyrinato]-Ni (Ni-TPPCN) with different
molar ratios in the presence of ZnCl, (see Figure 13).
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Figure 13. Schematic views of the fabrication of Ni5-PTF-1000 catalyst with atomically isolated nickel
sites from PTF-ZnNib via spatial sites separation strategy (Top) and the Nil00-PTF-1000 with Ni NPs
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Isolated nickel species anchored in porous nitrogen-doped carbons showed high
efficiency as electrocatalysts for CO;RR (91% CO faradaic efficiency between —0.6 and
—1.0 V and high TOF 0f 20,180 h—! at —1.0 V). Interestingly, the distance of the neighbouring
Ni-Ny units in the porphyrinic CTF precursors can be controlled by varying the molar ratio
of the porphyrin monomers Ni-TPPCN and TPPCN.

Metallopolymers obtained by electropolymerization exhibit a well-defined coordi-
nation environment, which can be applied in the development of new smart materi-
als [102-104].

This is the case, for example, for the electropolymerization of a Pd(salen) complex
onto a Pt disc electrode that produces an extended three-dimensional network formed by
axial coordination of the d orbitals of the central metal with the 7 orbital of the phenolate
moiety of the adjacent complex [105].

Electrocatalytic reduction of CO, in an aqueous solution by a platinum electrode coated
with poly-Pd(salen) showed that the cathodic current increased for the modified electrode,
requiring 0.15 V less overpotential than the corresponding unmodified platinum electrode.
The hexafluorophosphate counterion used in the electropolymerization process of the
metal-salen complex introduces molecular spaces into the polymer of the appropriate size
to stabilize carbon dioxide, which improves the efficiency of the coupling reaction. Teixeira
and co-workers were able to demonstrate that the CO;RR process on the metallopolymer
occurred in three steps: (a) reductive adsorption of carbon dioxide by the central metal,
(b) radial reduction of carbon dioxide to adsorbed CO, and (c) reduction of adsorbed CO to
adsorbed -CHO.

3. Conclusions

Within this mini review, the most recent literature regarding functionalization of
carbon-based electrodes with organometallic complexes has been summarized. Significant
technological advances have been reached in the field of CO; electroreduction, although
highly active, durable, and selective electrocatalysts should be developed to potentially
pave the way for industrial applications. Carefully evaluating the organometallic candi-
dates, the category of metallo-porphyrins and phthalocyanines has achieved unprecedent
results as evidenced by the incredibly high number of reports present in the literature.
These electrocatalysts are mostly selective for CO formation, while a major interest is de-
voted to the generation of liquid fuels (formate, methanol, etc.). Therefore, porphyrins and
phtalocyanines might be integrated in a cascade approach considering their well-known
activity for the CO,-to-CO pathway. As can be observed in Tables 1 and 2, very few exam-
ples are reported for direct CO, electroreduction to formate, especially with high selectivity.
Our research group has just recently demonstrated that Min bipyridine-type catalysts can
display high stability and selectivity for formate production when grafted onto carbon
cloth via covalent bonding.

One of the major drawbacks of anchoring electrocatalysts on surfaces, especially via
covalent bonding, is the necessity of elaborated modification of the organic ligands. On
the other hand, among one of the major advantages of the heterogenized catalysts over
their homogeneous counterparts is the possibility to work in aqueous conditions, which is
normally not applicable for the catalysts themselves.

The non-covalent bonding of molecules is simply achieved by immersion of the
solid electrode in a solution of the molecular organometallic complex (i.e., dip coating)
or by drop casting the catalyst solution or suspension on the electrode surface. This
works well whenever the molecular catalyst is not soluble in the solvent, the electrode
surface is not wetted by the solvent, and the molecular catalyst has functional groups
suitable for strong non-covalent interactions (occasionally, functionalization of the ligand is
required, i.e., the pyrene unit). Indeed, the strength of non-covalent interactions is crucial
for avoiding leaking of the catalysts in solution due to mechanical removal (i.e., whenever
flow electrochemical cells are employed). Thus, covalent functionalization requires a ligand
modification strategy, as well as the adoption of a solid material that allows formation
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of covalent bonds between the electrode and the molecular catalyst. However, covalent
functionalization guarantees much stronger adhesion to the electrode surface and fast
heterogeneous electron transfer. Overall, it can be concluded that, by passing from non-
covalent to covalent bonding, higher current densities, longer operational times, and higher
catalytic activities can be reached. Another important factor in the field of CO,RR is the
role of the electrolyte. By looking at both Tables 1 and 2, one of the major pieces of evidence
is the employment of aqueous electrolytes, which are normally not suitable for the same
organometallic catalysts in homogeneous conditions. The solubility of CO, is much lower
with respect to organic solvents, but it allows for a more environmentally friendly strategy.
Careful optimization of the pH is another important parameter for steering the selectivity of
the reduction products, and it is important to keep in mind that HER (hydrogen evolution
reaction) is competitive in aqueous solutions. It has been shown that K* cations are essential
for catalysis for a Mn-bpy-type catalyst. A non-negligible role can be played by cations
and anions of the electrolyte (i.e., KHCOj3 vs. NaHCO3); the Lewis acid affect is essential,
and varying the cation size induces a change in the outer Helmholtz plane (OHP) potential.
Larger cations will adsorb more easily on the electrode surface. A detailed comparison of
the electrolyte employed is beyond the scope of this mini review, and interested readers are
redirected to a useful review about electrolyte effects for CO,RR [106].

As mentioned in the introduction, other types of catalysts can be used, including
metal cathodes [107]. They are stable, can be modeled in almost any geometrical form, and
can reach very high current densities. However, their catalytic properties are intrinsically
difficult to tune because they generally suffer from low selectivity and low faradaic effi-
ciencies. Molecular organometallic complexes have much greater opportunities for tuning
their electronic and steric properties toward the electrosynthesis of selected CO, reduction
products. Computational modeling and hence mechanistic interpretations are much easier,
thus opening the possibility of faster development. Nevertheless, molecular organometallic
complexes require careful design of the ligands and sometimes, as mentioned, require chal-
lenging synthetic modifications. On the other hand, they also require a suitable electrode
surface and chemical approach for heterogeneous functionalization and may generally
undergo much easier catalyst degradation with lower stabilities.

Promising results have been achieved in recent years, and these are summarized in
this mini review. We hope this review will further stimulate original research in the field
not only for the development of new catalysts but also looking for a method of combined
CO, capture and conversion.
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