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he combustion of fossil fuels produces large amounts of

carbon emission, thus posing a climate threat due to global
warming.1 Efforts on harnessing excess emitted CO, back to the
carbon cycle via chemical, electrochemical, and photochemical
pathways have seen steady development to produce value-added
chemicals for energy storage.l’2 Among them, an environ-
mentally benign electroreduction approach is the most
promising one for valorization of CO, as fuels and chemicals,
albeit the fact that sluggish kinetics and lack of selectivity require
the design of suitable catalysts.”* Molecular electrocatalysts
have well-defined active sites and accurately tailorable structures
that allow mechanism-based performance optimization. Among
them, several are based on easily available first-row transition
metals to catalyze CO, reduction (CO,RR) via a 2e”/2H*
mechanism to form CO and HCOOH. Nevertheless, examples
of molecular catalysts capable of reducing CO, beyond 2e™/2H"*
(e.g., multielectron products) are scarce. A key reason for that is
the difficulty in controlling the binding affinity of the catalyst-
bound CO intermediate, which often plays a pivotal role in the
generation of multielectron/multiproton products.™ Along
with this, the complexity of the multielectron/multiproton
pathways involving multiple intermediates pr0v1des a limited
understanding of the reaction mechanism.>” Herein, we would
like to highlight several recently reported strategies that show
promising CO,RR activity and selectivity toward products
beyond 2e”/2H", such as (i) immobilization of functionalized
molecular catalysts over conductive supports, (ii) incorporation
of intramolecular hydrogen-bonding groups proximal to the
active site, and (iii) the use of light illumination during
electrochemical CO,RR in molecular catalysts incorporated
within porous hybrid platforms.

Initially, Wang et al. reported one of the first examples of a
molecular electrocatalyst reducing CO, to value-added multi-
electron hydrocarbons. They immobilized a cobalt phthalocya-
nine catalyst (CoPc, Figure la) over multiwalled carbon-
nanotubes (CoPc/MWCNTs) and used it as a heterogeneous
electrocatalyst that, in aqueous solution, undergoes 6e™/6H"
CO,RR to generate CH;OH. They first compared the catalytic
performance of CNT-immobilized iron, cobalt, and nickel
phthalocyanine (FePc, CoPc, and NiPc, respectively), as metal-
to-CO binding energy, Eg(CO), varies with different M—N,,
spanning over a range of 1.2 eV and found that cobalt provides
moderate CO binding. Therefore, among all three catalysts, only
CoPc produced MeOH with a faradaic efficiency (FE) of up to
44% at —0.94 V vs RHE (CO and H, being the major products
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Figure 1. Catalysts (a) cobalt phthalocyanine and (b) cobalt
phthalocyanine-NH, at the $ position, used by Wang et al.’ (c)
Catalyst FeL2, synthesized by Dey et al. with a second sphere pyridine
moiety.” (d) Co-MOF-525 building units: CoTCPP linker and
Zrs(OH),0, node and (e) schematic representation of a photoassisted
electrochemical CO, reduction reaction onto a FTO-Co-MOF-525
electrode by Hod et al.” (d) and (e) are reproduced under a CC-BY 4.0
license from ref 9. Copyright 2023 Authors.

for FePc and NiPc). Through scanning transmission electron
microscopy (STEM) analysis they have shown that CoPc has
molecular level dispersion over the CNT, which is vital for
MeOH formation. Otherwise, physical mixtures of CoPc and
CNTs showed much less reactivity, despite having higher CoPc
content. According to their observation, at lower overpotential,
CO was the major CO,RR product, and thus, it was postulated
that CO acts as a reactive intermediate toward MeOH
formation. Indeed, when an electrocatalytic CO reduction
reaction (CORR) using CoPc/MWCNT was performed, it
produced MeOH with a FE of 28% at —0.77 V vs RHE. Overall,
catalysis goes through a “domino” process where CO, first
reduces to CO, and then undergoes another 4e™/4H" reduction
to MeOH, and the potential-dependent steps of both CO,RR
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and CORR are very similar. Nonetheless, this catalytic system
suffers from rather limited durability. Upon only 1 h of
electrolysis, FEcy oy decreased by 18%, while after 4 h of

electrolysis, MeOH formation became negligible. UV—visible
spectra of the postelectrolysis CoPc molecule from the electrode
revealed an undesired reduction of the Pc ligand, eventually
leading to hydrogenation of the macrocycle. To avoid the
reductive deactivation, Wang and co-workers introduced four
electron-donating amino groups in the f position of the CoPc
moiety (Figure 1b, CoPc-NH,), which successfully lowered the
overpotential and could sustain activity for a longer time with a
maximum FEcy oy of 32%.

At about the same time, Robert et al. also used the CoPc
catalyst and MWCNT mixture with a Nafion binder over carbon
paper for the conversion of CO, to MeOH.® Under
heterogeneous conditions in 0.5 M KHCO; solution (pH =
7.2), they obtained only 0.3% FEcy,on at —0.88 V vs RHE,

which increased to 2% when they used CO as substrate instead
of CO,. However, at pH 13, when CO was used as a substrate,
the same CoPc/MWCNT system exhibited 14.3% FEcy oy at

—0.68 Vvs RHE, i.e., a 50-fold increase in selectivity at a 170 mV
lower overpotential, along with a 10-fold increase in catalytic
rate. Subsequent HPLC experiments showed that during CORR
at pH 13, formaldehyde (HCHO) is formed. At alkaline pH,
there is a chance of Cannizzaro reaction, i.e., a disproportiona-
tion of HCHO (aldehyde without a hydrogens) to CH;OH and
HCOO™ causing an overestimation of CH;OH’s FE determi-
nation. Knowing that, Robert and co-workers carefully evaluated
these nonfaradaic CH;OH formations and concluded that their
effect is negligible. In addition, a series of control experiments,
along with Co K-edge X-ray absorption near-edge structure
(XANES) spectra of the CoPc before and after electrolysis
proved that the observed reactivity was not due to the
decomposition of CoPc into metallic Co nanoparticles, thus
signifying the molecular nature of the catalyst.

Lately, McCrory et al. further investigated the catalytic
properties of the CoPc/MWCNT system using a gas-diffusion
electrode (GDE) flow-cell. Compared to a conventional H-cell
configuration, performing the electrocatalytic reaction in a CO,-
fed GDE setup showed appreciably suppressed activity toward
MeOH formation. The key explanation for these results lies at
the higher CO, binding affinity of CoPc compared to its affinity
to bind CO, as quantitatively measured in this study.’ The
authors varied the partial current density of MeOH (product of
CORR) at —0.70 V vs RHE as a function of the partial pressure
of CO (P¢q), which ultimately reached a plateau at Pcg = 1.
Thereafter, using a microkinetic analysis, the binding constant of
CO to CoPc (Kco) was determined to be 3.0 atm™'. On the
contrary, in the case of a CO,RR reaction with CoPc (where the
major product is CO), extracted K¢o, was 11.1 atm™". The high

binding constant ratio of K¢o,/Kco = 3.7, provides a

thermodynamic explanation for the inefficient MeOH formation
on CoPc/MwCNTs during CO,RR, where catalyst-bound CO
is preferentially displaced by CO, molecules before it can be
further reduced. Thus, the authors suggested that researchers
should look forward in the direction of controlling the local
concentration of CO, by construction of catalyst—polymer
composites, or via applying modifications to the coordination
environments of CoPc. These strategies will strengthen the CO
binding, especially when using GDE flow-cells.

As opposed to CoPc, in case of metal porphyrins, up until
recently, reports of CO, reduction into multielectron com-
pounds were only available when conducted under photo-
chemical conditions.'”"" Lately, however, Dey and co-workers
designed a distal superstructure in the molecular framework of
iron porphyrins, and were able to stop the dissociation of CO
from the metal-bound intermediate and simultaneously
activated it for further reduction. In this work, an iron porphyrin
having a distal basic pyridine residue was synthesized (FeL2,
Figure 1C) and used as homogeneous electrocatalyst for CO
reduction to CH,, with 93% FE.> Spectro-electrochemistry
coupled FTIR (FTIR-SEC) was employed to understand the
mechanism of the reaction with in situ detection of the metal—
carbonyl species, using '/**CO isotope sensitive absorption. In
CO-saturated CH;CN containing 3% H,O, they identified an
Fe""~CO species being reduced to Fe'—CO at applied potential
of —1.75 V vs Fc/Fc’, followed by the reduction of Fe!—CO to
Fe’-CO at —2.35 V vs Fc/Fc". Interestingly, while holding the
potential at —2.35 V for a long period, an Fe'=CHO adduct was
detected, which then could be further reduced to CH,. In this
case, pyridine mediated hydrogen-bonding between water
molecules (ie., proton source) and Fe'—CO intermediate
allows its stabilization, and activation for further reduction to
CH, (as evidenced by DFT calculation).

In another attempt to achieve multielectron CO, reduction
using porphyrins, our group adopted a different approach, based
on a photoassisted electrocatalysis pathway for multiproton/
multielectron CO,RR. To do so, we have utilized photoactive
Co-porphyrin (CoTCPP)-based metal—organic framework
(MOF) films (Co-MOEF-525). Under 1-sun light illumination
(100 mW/cm?), the MOF film can sustain large quantities of
long-lived oxidized charged carriers during photocathodic
operation and performed a 8¢”/8H" reduction of CO, to CH,
(in 80/20 (%v/v) CH;CN—H,O with a LiClO, electrolyte).”
Subsequent, photoassisted chronoamperometric measurements
revealed that in the potential window of —0.39 to —0.64 V, CH,
and CO were produced during CO,RR, with a maximum FEy,

being 14% at —0.49 V, while FEy was only 2%. Yet, in the
absence of light illumination, both products were formed in a
very negligible amount. At more cathodic potentials, a hydrogen
evolution reaction (HER) became more prominent and
significantly suppressed CO,RR. Generally, Co'TCPP is the
CO,RR active state that binds CO, and undergoes 2e~/2H"
reduction to CO. However, thin layer spectro-electrochemical
measurements revealed a different mechanism that leads to the
unexpected CH, production. Under dark electrolysis conditions,
spectro-electrochemistry analysis showed the formation of
bands attributed to Co"TCPP and [Co™TCPP]*, while
measurements at more cathodic potentials showed the
formation of a new band corresponding to CO,RR active
species, [Co'TCPP] ™. Surprisingly, in photoassisted electrolysis
conditions, the formation of a broad band at 460 nm was
noticed, suggesting the existence of a higher oxidation form of
the catalyst, namely, [Co™TCPP]*, which was the product of a
porphyrin ring oxidation. Here, with an increase in the cathodic
potential, the [Co™TCPP]** band decreased in intensity, while
the Co""TCPP and [Co™TCPP]" bands remained unchanged
throughout the course of the reaction. In other words, in these
conditions, MOF-525 maintains a high concentration of
[Co™TCPP]* species (via photo-oxidative accumulation of
holes), which is known to stabilize CO by preferentially binding
with it,"* a crucial step that allows its further reduction to CH,,.
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To conclude, despite severe challenges posed in the
electrocatalytic conversion of CO, to multielectron products,
successful reports of molecular catalysts capable of CO,RR
beyond 2e”/2H" have increased lately. The results highlighted
herein could help pave the way toward (i) rational catalyst
design, (ii) improved structure—function correlation studies,
and (iii) identification of key mechanistic factors necessary to
understand molecular catalyst operation both in homogeneous
as well as heterogeneous configurations. Nevertheless, realizing
the next-generation of molecular catalytic systems will have to
involve new approaches for the stabilization of key reactive
intermediates while developing means for their assembly onto
porous functional supports that allows the incorporation of
secondary-sphere interactions to stir the CO,RR path toward
the desired products.
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