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Main-group elements are renowned for their versatile reactivities in organometallic chemistry, including CO,
insertion and H, activation. However, electrocatalysts comprising a main-group element active site have not
yet been widely developed for activating CO, or producing H,. Recently, research has focused on main-
group element-based electrocatalysts that are active in redox systems related to fuel-forming reactions.
These studies have determined that the catalytic performances of heavier main-group element-based
electrocatalysts are often similar to those of transition-metal-based electrocatalysts. Our group has recently
reported the scope of including the main-group elements in the design of molecular catalysts and explored
their applications in redox catalysis, such as the generation of H, upon coupling of two protons (H*) and
two electrons (e”). This feature article summarizes our research efforts in developing molecular
electrocatalysts comprising main-group elements at their active sites. Furthermore, we highlight their
influence on the rate-determining step, thereby enhancing the reaction rate and product selectivity for
multi-H*/multi-e~ transfer catalysis. Particularly, we focus on the performance of our recently reported
molecular Sn- or Sb-centered macrocycles for electrocatalytic H, evolution reaction (HER) and on how their
mechanisms resemble those of transition-metal-based electrocatalysts. Moreover, we discuss the CO,
reduction reaction (CO,RR), another promising fuel-forming reaction, and emphasize the recent progress in
including the main-group elements in the CO,RR. Although the main-group elements are found at the
active sites of the molecular catalysts and are embedded in the electrode materials for studying the HER,
molecular catalysts bearing main-group elements are not commonly used for CO,RR. However, the main-

Received 26th July 2023, group elements assist the CO,RR by acting as co-catalysts. For example, alkali and alkaline earth metal ions

Accepted 31st August 2023 (e.g., Li*, Na*, K*, Rb*, Cs*, Mg?*, Ca®*, and Ba®*) are known for their Lewis acidities, which influence the
thermodynamic landscape of the CO,RR and product selectivity. In contrast, the elements in groups 13, 14,
and 15 are primarily used as dopants in the preparation of catalytic materials. Overall, this article identifies

main-group element-based molecular electrocatalysts and materials for HER and CO,RR.
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substrates (e.g., CO,, H,, and O,). Additionally, the valence s- or
p-orbitals are often fully occupied, thus lacking vacant sites for

Introduction

New findings for main-group element-based catalysts have
changed the perception that main-group elements cannot
behave similar to transition metals in catalysis. However, the
development of electrocatalysts comprising main-group ele-
ments, particularly molecular electrocatalysts with a main-
group element at the active center, is uncommon. The differ-
ence in the orbital energy levels is a challenge that renders it
difficult for main-group element-based catalysts to compete
with transition-metal-based catalysts. For main-group com-
pounds, a high-energy gap exists in their valence s- or p-
orbitals, whereas the valence d-orbitals in transition metals
are relatively less energetic, which typically enables the
transition-metal active site to interact with small molecular
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the catalyst-substrate interactions. However, heavier main-
group elements, such as Al, Sn, and Sb, have larger covalent
radii than their lighter counterparts, such as B, C, and N, and
can attain higher coordination numbers in their complexes.
Consequently, the inclusion of heavier main-group elements
has gained recognition in catalyst design for small-molecule
activation." Moreover, elements in Groups 1 and 2 have been
influential in multi-proton (H') and multi-electron (e~) redox
catalysis, and typically promote catalysis by enhancing reaction
kinetics.>™

Molecular electrocatalysts are great platforms to understand
the structure-function relationship, but the current research
desires more catalytic materials upon immobilizing the mole-
cular catalyst. Although strategies to immobilize molecular
catalysts on the electrode surface have been reported,>® mole-
cular catalysts bearing main-group elements at the active center
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are rarely known. The applications of main-group complexes in
molecular electrocatalysis are also rare. Recently, our group
has sought to include main-group elements in the design of
molecular electrocatalysts. For example, we have reported
molecular Sn- or Sb-centered macrocycles that couple multi-
H" and multi-e~ to generate H, electrocatalytically.”®* We have
also investigated the electrochemical mechanism of these Sn or
Sb complexes toward the H, evolution reaction (HER), sup-
ported by computational calculations. This article includes our
contributions toward the design of main-group element-
centered electrocatalysts and their performance in the electro-
catalytic HER. Furthermore, we emphasize the work of others in
the electrocatalytic HER using main-group elements to high-
light recent progress in this field.

We believe that main-group element-based electrocatalysts
could be promising for the efficient CO, reduction reaction
(CO,RR). Finding robust and efficient CO,RR catalysts has been
of great interest, owing to their ability to mitigate atmospheric
CO0,.° "' However, most catalyst designs rely on transition
metals. In 2010, Ménard and Stephen reported that CO, could
be reduced to methanol (CH;OH) using an (Mes);P(CO,)(AlX;3),
complex, where Mes is a mesitylene group and X is a bromide
or chloride.'” They revealed that Al-based frustrated Lewis pairs
(FLP) are the important factors in CO,RR chemistry. Inspired by
these results, several FLP-based main-group complexes have
been explored for the CO,RR, and the most common product
observed was formate (HCO, )." Another example of the
electrochemical CO,RR using main-group-based FLP was
reported by Thompson and Heiden, where an FLP supported
CO, insertion into a main-group hydride bond while reducing
CO, electrochemically.’* They also investigated the effects of
Lewis acids on the reactivity of CO, insertion into the main-
group hydride bond by comparing the activities of seven Lewis
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acids, [PhSiH,]", [SiEt;]", B(CeFs)s, B(CeFs).Ph, B(CeFs)Ph,,
BPh;, and BEt;, where Ph and Et denote phenyl and ethyl
groups, respectively. The authors noted that stronger Lewis
acids, such as B(C¢Fs);, became poor hydride donors to CO,
upon forming a metal-hydride bond, such as [HB(C¢Fs)s] -
Furthermore, Lewis acids from Groups 1 and 2, as well as
transition-metal-based catalysts, assisted in controlling the
CO,RR selectivity and kinetics under electrochemical condi-
tions, and we include this discussion later. In addition to the
Lewis acid effects of the main-group elements, we highlight
examples wherein they act as dopants when incorporated into
electrode materials for the CO,RR. Overall, this article presents
examples of the main-group element-assisted electrochemical
HER and CO,RR, including recent reports from our group.

Main group elements at catalytic site

To our knowledge, extremely few main-group elements serve as
the active sites of catalysts for the electrochemical HER or
CO,RR. Al, Ga, Sn, Sb, and Bi have been used as catalyst active
sites while performing electrochemical HER. To date, no main-
group elements have been explored as the active center of the
electrocatalyst for CO,RR. In this section, we focus only on
the main-group elements used as molecular HER electrocata-
lysts and summarize their roles in the electrochemical
mechanisms.

Al. The second element in group 13, Al has rarely been used
in electrocatalysis, except for two unique examples of Al(m)
complexes that promote the HER, as reported by Berben
et al."™"® They synthesized two Al(m) complexes chelated with
a redox-active ligand, phenyl-substituted bis(imino)pyridine
(Al-BIP, Fig. 1(A)) or bis(pyrazolyl)pyridine (Al-BPP, Fig. 1(B)),
and studied their activities for H, production. The electroche-
mical HER studies were performed by dissolving these Al(u)
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complexes in tetrahydrofuran (THF) with a tetrabutylammo-
nium hexafluorophosphate ("Bu,;NPFg) electrolyte in the
presence of a Bronsted acid, which supplied multiple H'. Under
these electrochemical conditions, a faradaic efficiency (FE) of
85% for H, production was observed using AIl-BIP in the
presence of 4-dimethylaminopyridinium (HDMAP', 20 equiv.)
by performing controlled potential electrolysis for 1.5 h at an
overpotential of 0.5 V. The electrochemical HER mechanism of
Al-BIP was also studied, and it was proposed that two sequen-
tial proton transfers first occurred at the ligand center
(Fig. 1(A)). The protonated BIP ligand (by 2H") in AI-BIP under-
went two further sequential 1e™ reduction steps to generate H,
(Fig. 1(A)).

A similar electrochemical HER performance was observed
for AI-BPP using triethylammonium ([HNEt;]") or salicylic acid
as the proton source in the THF electrolyte;'® however, Al-BPP
followed a slightly different electrochemical HER pathway

(A)

Ha
HA

THF

e A +HA

Fig.1 Two different electrochemical HER pathways promoted by Al(i)
complexes, (A) Al-BIP and (B) Al-BPP, coordinated with a redox-active
ligand. HA is HDMAP*. Adapted with the permissions of ref. 15 and 16.

This journal is © The Royal Society of Chemistry 2023
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(Fig. 1(B)). The BPP ligand in Al-BPP was first reduced by 1le™,
and a proton-coupled electron transfer step occurred at the BPP
ligand. Finally, 1H" reduction generated H, (Fig. 1(B)). Detailed
electrochemical data analysis revealed that Al(mr) did not parti-
cipate in H' and e~ transfer events. The supported redox-active
ligand underwent sequential H'/e™ reduction to form a ligand-
based hydride intermediate, which released H, in the presence
of acids in the solution. Notably, both HER pathways promoted
by AI-BIP and Al-BPP proceeded without forming any typical
metal-hydride intermediates, which is common in transition-
metal-centered HER electrocatalysts.'” ' Overall, this research
effort inspired a main-group-based molecular electrocatalyst
design for HER catalysis.

Ga. Cao et al reported a remarkable HER using Ga(u)
chloride tetrakis(pentafluorophenyl)porphyrin (ClGa™TPFs;,
Fig. 2(A)).?° In their study, the authors proposed that a Ga(u)
porphyrin derivative promoted H, production, where the
ligated porphyrin was first reduced consecutively by 2e~, fol-
lowed by a Ga(u)-hydride species formation (Fig. 2(B)) using H"
from the added acid source, 2,2,2-trifluoroacetic acid (TFA). A
signal at —6.45 ppm in the "H NMR spectrum confirmed the

Fig. 2 (A) Ga(in) chloride tetrakis(pentafluorophenyl)porphyrin studied for
electrochemical HER and (B) its mechanism for producing H, via a Ga—
hydride intermediate. Adapted with the permission of ref. 20.
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formation of the Ga(m)-hydride intermediate. In addition to
NMR spectroscopy data, UV-visible spectroscopic studies were
also carried out for the further detection of 1e”~ or 2e™ reduced
species of ClIGa™TPF;. Interestingly, a weak absorption band
between 560-700 nm appeared when Ga™-hydride species was
formed after the reaction between 2e~ reduced ClGa™TPF;
species and added acids (AcOH or TFA). Furthermore, such
experiments also supported the hypothesis that protonation
events during the HER process take place at the Ga™ center
rather than at the meso-position of the porphyrin ring. Finally,
further protonation of the Ga(m)-hydride intermediate using
Bronsted acids resulted in H, production. A turnover frequency
(TOF) of 9.4 x 10* s~ was estimated for the HER using this
molecular Ga(m) porphyrin catalyst in CH3;CN with TFA
(97 equiv.). Moreover, the HER kinetics observed using this
Ga(m) porphyrin catalyst were much higher than those of the
Sb(m)-porphyrin-derived catalysts. This phenomenon could be
rationalized by considering the stronger hydride-donating abil-
ity of the Ga(ur)-based hydride than that for the Sb(ui)-based
hydride, owing to the smaller electronegativity of Ga.*®

Sn. Motivated by the performance of Ga(m) and Sb(m)
porphyrins toward electrochemical HER, we recently reported an
asymmetric PEGylated Sn(iv) porphyrin (CLSn"PEGP, Fig. 3(A))
for homogeneous HER in a non-aqueous electrolyte.® CL,Sn™"
PEGP was prepared by refluxing PEGylated porphyrin ligand with
excess amount (10 equiv.) of SnCl,-2H,0 in anhydrous pyridine
for 3 h. Treating the reaction mixture with citric acid, followed by
the extraction in CH,Cl, yielded the crude product, which was
purified using the column chromatography. The yield of CL,Sn™"
PEGP was 81% and the purity of the final product was confirmed
using typical spectroscopy techniques, such as NMR, UV-visible,
and ESI-MS.

CL,Sn"“PEGP exhibited a high catalytic current density
(4.6 mA cm™?) with an FE of 94% for H, production.® The
TOF was 1099 s~ in the presence of 16 mM TFA as the proton
source. Spectroelectrochemical analysis and density functional
theory (DFT) calculations revealed that this Sn-porphyrin
catalyst followed an ECEC pathway for the HER, where E and
C denote e~ and H' transfer events, respectively. Cyclic voltam-
metry data also supported the HER mechanism. In brief, a
reductive wave at —0.8 V with a small (~0.01 mA) peak current
was observed upon adding TFA in the bulk electrolyte solution.
The peak potential of such a cathodic wave started to shift
toward more positive potentials as the TFA concentration was
increased, suggesting the protonation step at the Sn center.
Furthermore, the ‘“peak-shift” analysis with the logarithm
of TFA concentration revealed a Nernstian EC step at the
beginning of the electrochemical mechanism, also in good
agreement with the DFT data. In brief, Cl,Sn"VPEGP was first
reduced by 2e” to form Sn"PEGP, which proceeded via
the ECEC mechanism to generate the Sn(iv)PEGP-hydride
species, Sn"VH-INT1 (Fig. 3(B)). We confirmed the generation
of Sn"VH-INT1 by reporting an '"H NMR signal at —0.9 ppm,
which is attributed to the Sn(w)-H species. Moreover, we
proposed that Sn"H-INT1 was further reduced by 1le™ to
[Sn"VH-INT1]". The second protonation of [Sn"H-INT1]™

1770 | Chem. Commun., 2023, 59, 11767-11779
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Fig. 3 (A) Sn porphyrin and (B) its electrochemical mechanism for the
HER in a non-aqueous electrolyte. Adapted with the permission of ref. 8.

generated an Sn(un)-PEGP-H, intermediate (Sn"H,), which
released H, as the product. Overall, this is a novel example of
an Sn-based molecular electrocatalyst that generates H, in a
non-aqueous medium.

In addition to our reported molecular Sn(wv) electrocatalyst,
Sn-doped MoS, electrodes have been studied for their electro-
chemical HER activity.”" A previous study reported a synthe-
sized multilayered MoS, with Sn dopants, and spectroscopic
methods were employed to characterize the materials. These
materials performed the HER over 12 h at a current density of
10 mA cm ™ ” in an aqueous electrolyte.

Sb. Sb macrocycles, such as Sb porphyrin®* and Sb salen’
complexes, have been studied for their electrochemical HER
activities. Brudvig et al. investigated a series of Sb(v) porphyrins
and determined that a 5,10,15,20-tetra(p-tolyl)porphyrin ligand
chelating with an Sb(v) center (TPSb(OH),, Fig. 4(A)) is a
promising molecular HER electrocatalyst in a non-aqueous
electrolyte.>® Notably, both the porphyrin ligand and Sb metal
center were redox active during the electrocatalytic HER, which
is rarely observed for Sb-based catalysis. Furthermore, bulk
electrolysis performed over 2 h using TPSb(OH), showed
a stable catalytic current owing to the HER, with an FE of
62% for H,. Mechanistic insights into the HER catalyzed by

This journal is © The Royal Society of Chemistry 2023
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TPSb(OH), were also obtained using DFT calculations. Two
consecutive ligand-centered reductions coupled with a single
H' transfer eliminated one molecule of water and generated a
Sb(m) porphyrin derivative (TPSb™, Fig. 4(B)). These TPSb™
species then underwent a CEC pathway, where C and E denote
H' and e~ transfers, respectively, to generate the TPSbH,
species via two consecutive intermediates, TPSbH-INT1 and
TPSbH-INT2. Finally, TPSbH, released H, and returned to
TPSb™ via the intermediate TPSb"™. The free energy change
(AG) associated with the step from TPSbH-INT2 to TPSbH, was
3.2 kcal mol™!, with a AG activation at 16.2 kcal mol .
Furthermore, the H-H bond length in TPSbH, was 0.76 A,
which is similar to that in an isolated H, molecule. Addition-
ally, the distance between Sb and H, in the TPSbH, intermedi-
ate was 3.3 A, indicating a weak interaction that could ease the
release of H, as the final product.

Motivated by the activity of TPSb(OH), in the electrochemi-
cal HER, we recently developed a Sb(ui) salen complex (SbSalen,
Fig. 5) and reported its activity toward the electrochemical HER
by immobilizing it onto C-paper working electrodes.” SbSalen
complex was synthesized by stirring 2.5 equiv. of triethylamine
and 1 equiv. of salen ligand in dry CH,Cl, for 25 min, followed

TPSb(OH), =

(B) OH

H0 :
TPSb(OH), - TPSb" N
%_ ! *
v
@‘I’V TPSbH-INT1
TPSb o
H, H

ha CeD
T+ CsbD
TPSbH-INT2

TPSbH, «———
+H

+

Fig. 4 (A) Sb(v) porphyrin, TPSb(OH),, and (B) its mechanism for electro-
chemical HER in a non-aqueous electrolyte. Adapted with the permission
of ref. 22.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Feature Article

by the addition of SbCl, (1 equiv.) at 0 °C under the O,-free
condition. Further stirring for 24 h yielded a yellow suspension
which was filtered and thoroughly washed with CH,Cl, and
hexane to obtain pure SbSalen in ~70% yield.

In an aqueous medium, we observed a high catalytic current
of 30 mA cm™?, with a TOF of 43.4 s~ " using ShSalen. Further-
more, DFT calculations revealed that the electrochemical HER
mechanism was promoted by the SbSalen complex, which
underwent the ECEC pathway (Fig. 5). Notably, the protonation
of SbSalen for these C steps occurred at the O or N atom of the
salen ligand, not at the Sb center. Moreover, once both the O
and N atoms were protonated at the end of the ECEC steps, the
H atom attached to the O atom was transferred to the Sb center
and formed an Sb(w)-hydride species. Our computational
calculations supported this H-atom transfer from the O atom
to the Sb center, because the kinetic barrier of bond dissocia-
tion was less for the O-H bond (0.28 eV) than that for the N-H
bond (0.49 eV). However, these Sb(m)-hydride species released
molecular H, as a product and returned to the resting state of
the SbSalen. Moreover, SbSalen produced H, with 100% FE in
an aqueous medium, which is a unique example of an Sb
electrocatalyst for the HER. The stability of SbSalen immobi-
lized onto the C-paper was tested over 3 h, and further studied
using X-ray photoelectron spectroscopy (XPS). The XPS data
revealed that no demetallation event occurred during the
electrolysis. Additionally, no change in the oxidation state of
Sb was observed upon the completion of the catalysis, indicat-
ing the overall molecular integrity of the catalyst throughout
the electrochemical HER process.

Bi. Bi as the active center of Bi-based molecular HER
electrocatalysts is rare, except for an example reported by Luo
et al.”® They successfully synthesized a Bi complex that chelated
with an NCN-type pincer ligand ((NCN)Bi(m), Fig. 6(A)) for
proton reduction under weakly acidic conditions.>® This study

/\ I+
H =N_  N=
2 \Sblu
o o
Fe”
SbSalen @
\ I+
_N\ HN=
Sblll
ar
H
/~\ I+ /~\ 1+
=N_ HN= =N N=
sp! Jsp!
O HO O HO

=N_ N=
sp!
0" HO

Fig. 5 SbSalen complex and its promoted ECEC mechanism for the HER.
Adapted with the permission of ref. 7.
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Fig. 6 (A) Molecular Bi(in) HER electrocatalyst and (B) energy profile for its
promoted HER pathway. Adapted with the permission of ref. 23.

reported that the HER mechanism involved the generation of a
low-valent Bi(1) complex ((NCN)Bi(1)) that was reactive toward
weak acids (Fig. 6(A)). At the beginning of the Bi-catalyzed HER
in the presence of AcOH, (NCN)Bi(m) was reduced by 2e” to
form (NCN)Bi(1), which formed a six-coordinated Bi-hydride
species that chelated with AcOH, (NCN)Bi(H). These Bi-hydrido
species underwent a series of configuration changes before
interacting with the second molecule of AcOH (Fig. 6(B)). The
coordination of the second AcOH molecule protonated the
Bi-hydrido species and generated H, molecules via the inter-
mediate (NCN)Bi(H,). Finally, the intermediate (NCN)Bi(OAc),
was formed and returned to the (NCN)Bi(1) complex to complete
the cycle. A detailed investigation of the DFT calculations
determined the transition state structures and energy profiles
(Fig. 6(B)), where the release of H, at the final stage of the
catalytic cycle was thermodynamically favorable.
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View Article Online

ChemComm

Table 1 Comparative electrochemical performance of main-group-
based molecular HER electrocatalysts

Turnover Overpotential Faradaic

Catalyst Solvent frequency (s™') (V) efficiency (%)
Al-BIP THF 11x10* 0.54 85
ClGaTPF; MeCN 9.4 x 10° ~1.0 97
CLSNPEGP MeCN 1.1 x 10° 0.9 94
TPSb(OH), MeCN 1.2 x 10°? 0.6 62
ShSalen® H,0 43.4 1.4 ~100
(NCN)Bi(m) MeCN  ~1.8 x 10° 0.69 88

¢ Immobilized onto carbon paper electrodes.

The performance of the main-group-based electrocatalysts
toward HER such as turnover frequency, overpotential, and
faradaic efficiency have been tabulated in Table 1 and also
shown in Fig. 7(A)-(C). Besides molecular electrocatalysts,
inorganic materials comprising the transition metal and
main-group elements, especially phosphides have been
explored for the production of H,.>**> Noteworthy, the electro-
catalytic HER promoted by Ni,P, materials was impressive as
their performance was comparable to the most efficient Pt-
based materials. The morphologies of such inorganic materials
containing various transition metals and phosphides are
shown in Fig. 7(D).>*

Main group element assisted HER

Main-group elements often assist in the electrochemical HER
rather than acting as active sites of the catalysts. In particular,
the presence of main-group elements enhances HER kinetics by
acting as co-catalysts. In this section, we briefly highlight
examples and discuss roles of the main-group elements in
the HER.

Ge. Ge can be used as an electrode in the HER and forms Ge
hydroxide (Ge-OH) functionalities when the electrodes are
anodically polarized. In 1960, Gerischer et al. proposed that
Ge-OH electrodes can react with 1H" and 1e” to generate Ge
radicals on the surface, with H,O as a product.>® The Ge
radicals formed Ge hydride (Ge-H) in the presence of H', and
a further reduction with 1H' and 1e~ produced H,. Memming
and Neumann supported Ge electrode-promoted HER mechan-
isms using cyclic voltammetry (CV) data.?” They further deter-
mined that the formation of Ge radicals and Ge-H species on
the electrode surface was potential-dependent and could be
controlled by tuning the potential window while cathodically
scanning. In addition, they reported that the number of elec-
trons in the conduction band at the electrode surface deter-
mined the electron-transfer kinetics, which could be enhanced
by applying more negative potentials to the cathode.

Bi. The effects of Bi on Pb electrodes were investigated for
HER in an H,SO, solution.?® Less than 0.733 wt% Bi was added
to the commercially purchased Pb to generate the Bi-Pb alloys,
which were deposited onto the pure Pb electrodes. By varying
the Bi content, the authors demonstrated that the HER rate
depended on the Bi loading; thus, a higher Bi content resulted
in higher HER Kkinetics.

This journal is © The Royal Society of Chemistry 2023
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Main group element assisted CO,RR

The main-group elements that serve as the active sites of
molecular electrocatalysts for CO,RR are not yet known. The
effects of the main-group elements in assisting the CO,RR,
either as promoters or dopants, have been well explored. In
particular, metals in groups 1 and 2 are effective in enhancing
the reaction kinetics, product selectivity, and thermodynamic
stabilization of the rate-determining step during the electro-
chemical CO,RR. In this section, we focus on the main-group
elements that support the CO,RR as co-catalysts.

Li, Na, K, Rb, and Cs. Monovalent cations of alkali metals
(M1%), such as Li*, Na", K', Rb", and Cs", typically participate as
Lewis acids in the homogeneous electrochemical CO,RR. A
brief discussion of the stepwise CO, activation mechanism
highlights the key effects of alkali metal cations on electro-
chemical CO, reduction chemistry. Herein, we consider the
example of a chloro-iron(m)tetraphenylporphyrin (ClFe™TPP,
Fig. 8(A))-electrocatalyzed CO,RR in the presence of Li* or Na*.>
The electrochemical data supported that adding Li* or Na* to a
CO,-saturated non-aqueous electrolyte enhanced the catalytic
current in the presence of [Fe™TPP]". The stepwise mechanism
of the CO,RR (Fig. 8(B)) indicated that CIFe™ TPP first under-
went three sequential le” reduction events to generate the
[Fe’TPP]>~ species, which attached to CO, and formed a
[Fe"TPP-CO,]>~ adduct. In the presence of an alkyl metal ion
(M1%, such as Li* or Na*), the O atom of the [Fe"TPP-CO,]*~
adduct joined with M1" to form the intermediate INT;-M1,

This journal is © The Royal Society of Chemistry 2023

followed by the binding of a second molecule of CO, to yield
the intermediate INT,-M1 (Fig. 8(B)). The addition of another
M1" to such an intermediate can produce a Li or Na carbonate
salt, M1,COs;, as well as Fe"TPP-CO. To complete the catalytic
cycle, Fe"TPP-CO was further reduced to regenerate [Fe'TPP]~
upon the formation of CO as the CO,-reduced product. How-
ever, the primary role of M1" was to provide electrophilic
assistance upon ion pairing with the [Fe"TPP-CO,]>~ adduct
to break (or weaken) the C-O bond of CO,. Stronger Lewis acids
were better at weakening the C-O bond in the [catalyst-CO,]
adduct, and higher turnover numbers were observed in the
presence of Li" compared to that of the Na* ions. Overall, two
moles of M1" were required to selectively reduce one mole of
CO, to one mole of CO.

Effect of alkali metals in the rate-determining step of
CO,RR. Notably, the overall rates of CO,RR using M1"
ions were comparable to those measured for the same reaction
using weak Brgnsted acids, such as 1-propanol, 2,2,2-
trifluoroethanol, and 2-pyrrolidone.** Furthermore, alkali
metal ions could boost the rate of the CO, insertion into a
transition metal-hydride bond during CO,RR.>® For example,
the rate of CO, insertion into a Ru-hydride bond in a Ru
complex bearing 2,2’-bipyridine and 2,2':6’,2"-terpyridine che-
lating ligands was measured in the presence of Li*, Na', K*, or
Rb", and the rate enhancement trend for the CO, insertion
reaction was as follows: Li* » Na® > K" > Rb"' (Table 2).*°
These observations suggested that monovalent alkali metal
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Table 2 Rate of CO; insertion reaction into an Ru—hydride bond of an Ru
diimine complex in the presence of Li*, Na*, K*, or Rb* in acetonitrile.
Adapted with permission from ref. 29

Additive Rate constant (M 2 s )
LiNTF,* 3.1
LioTf® 3.0
LiBPh,° 3.0
NaBAr*,? 0.40
NaOTf 0.40
NaBPh, 0.37
NaNTF, 0.34
KPF, 0.25
KBPh, 0.21
KNTf, 0.20
RbBPh, 0.01

¢ NTf, = bis(trifluoromethane)sulfonamide. > OTf = trifluoromethane-
sulfonate. * BPh, = tetraphenylborate. 4BArf, = tetrakis|3,5-
bis(trifluoromethyl)phenyl]borate. Note: all rate constants are reported
at room temperature.

ions with smaller sizes have more Lewis acidic character and
thus, provide more stabilization to the rate-determining transi-
tion state during CO,RR.

Role of alkali metals in CO,RR selectivity. Alkali metal
cations are often crucial for determining product selectivity in
CO,RR. For example, the CO,RR performed using polycrystal-
line Au, Cu, and Ag electrodes in a pure sulfuric acid (H,SO,)
electrolyte showed no CO production (primary C1 product in
CO,RR) without alkali metal cations.*® This poor CO,RR selec-
tivity in the absence of alkali metal cations is likely due to the
desolvated alkali metal cations building an electrostatic inter-
action with an O atom (or both O atoms) of the CO, inter-
mediate after the [catalyst-CO,] adduct formed. If these
electrostatic interactions were not established during the
CO,RR, the selectivity toward CO formation would be poor. A
model DFT calculation studied for the Au-electrode catalyzed
CO,RR in the presence of an alkali cation suggested that such
electrostatic interactions could lower the Gibbs free energy of
CO, adsorption (by at least 0.5 eV) at the electrode surface.*

N774 | Chem. Commun., 2023, 59, 11767-11779

Additionally, the O-C-O bond angle decreased from 180°
(linear) to below 140° (bent) when the [catalyst-CO,] adduct
was electrostatically stabilized by the alkali metal cations.*”
This change in CO, geometry during the CO,RR often favors
faster electron transfer from the electrode surface to CO,,
which was observed using the Cs™ ion with Au electrodes.?*!
Furthermore, the electrostatic interactions of metal cations and
electrode surfaces could enhance the electric field at the inter-
face of the electrode surface and bulk electrolyte, and the
enhanced electric field could influence the adsorption of the
CO,~ species at the electrode surface.*’** Consequently,
higher adsorption of CO,~ at the electrodes, as well as subse-
quent proton-transfer events, could result in better product
selectivity for CO,RR.*’

Role of alkali metals in CO,RR kinetics. The rate of product
formation relies on the nature of the monovalent cations,
which is defined by the Lewis acidity of the alkali metal ions
and their hydration number.**?” This hypothesis is supported
by several reports, in that weakly hydrated Cs" and K" afforded
high current densities during electrochemical CO,RR in the
aqueous electrolytes, regardless of the pH.***”*® Electrochemi-
cal CO,RR using gas diffusing electrodes further supported that
high partial current densities for CO production were observed in
the presence of alkali metal cations in the order of Cs" > K" >
Na* > Li*.**"** However, the concentration of these alkali metal
solutions should be low enough, <1.0 M, to avoid the back-
ground bicarbonate reduction promoted by the cations.*®

Mg, Ca, and Ba. The Lewis acidities of alkaline-earth metals
can influence the electrochemical CO,RR, similar to the above-
mentioned discussion for alkali metals; however, they follow
different CO,RR pathways than that for the alkali metal-
assisted CO,RR. The dicationic forms of three alkaline earth
metals (M2%%), Mg>*, Ca®", and Ba®', are known to enhance
CO,RR rates.” Herein, we focus on the stabilization strategies of
the [catalyst-CO,] adduct in the presence of M2>" ions and how
such strategies differ from those observed in M1*-supported
[catalyst-CO,] adduct stabilization. For further discussion, we

This journal is © The Royal Society of Chemistry 2023
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chose the example of the CIFe"TPP-catalyzed CO,RR and
examined the effects of M2>" ions on the stabilization of the
[Fe"TPP-CO,]*~ adduct during the CO,RR (Fig. 9). As shown in
Fig. 8(B), stabilization of the [Fe"TPP-CO,]*>~ adduct is crucial
for the CO,RR. Therefore, we discuss two different strategies
followed by the M2>" ions (paths A and B in Fig. 9) to stabilize
the [Fe"TPP-CO,]*~ adduct. Following path A, a single M2** ion
could interact with both O atoms of [Fe"TPP-CO,]*~ electro-
statically, forming the intermediate INT1-M2. Eventually, the
second molecule of CO, reacted with INT1-M2 to produce metal
carbonate salts (M2CO3) and CO products. In contrast, if M2>*
interacted with only one O atom of [Fe"TPP-CO,]*~ following
path B (Fig. 9), an INT2-M2 intermediate was formed. INT2-M2
was then reduced using a weak Brgnsted acid to generate
formate (HCO, ") as the final CO,-reduced product. A mixture
of products was often obtained from the CO,RR in the presence
of M2>" ions. For example, 70% CO and 30% HCO,  were
obtained via the CO,RR using [Fe"™TPP]" in the presence of
Mg>*. Furthermore, these experiments were repeated using two
different M2>" ions, Ca** and Ba®', to compare the overall
rate of the CO,RR. A similar apparent rate constant, 1.5 X
10* M2 57!, was estimated for Mg>* and Ca®", which was
comparatively higher than that observed in the presence of
Ba®* (3.0 x 10° M 2 s~ ").> However, the first-order reaction in
M2>* concentration was observed for the CO,RR, indicating
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Fig.9 Mg?*, Ca®*, or Ba®*-assisted electrochemical CO,-to-CO con-
version catalyzed by CIFe""TPP. Adapted with the permission of ref. 2.
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that only one mole of M2*" was sufficient to complete the
CO,RR cycle, whereas the order of the reaction was 2 when
alkali metal ions, M1", were used. This suggests that smaller
equivalents of M2>" ions can effectively enhance the CO,RR
selectivity.

Further molecular evidence of the [catalyst-CO,-M2>"] inter-
mediate formation in the CO,RR cycle was revealed using
cobalt phthalocyanine (CoPc)-modified Au electrodes in the
presence of Mg>" (Fig. 10(A)).** CV data revealed that these
CoPc-modified Au electrodes exhibited high catalytic currents
with approximately 80% FE for CO formation when 0.05 M of
Mg>" ions were present in a CO,-saturated 0.1 M KHCO;
electrolyte. Scanning tunneling microscopy (STM) images were
captured for the CoPc monolayer on the electrode surface
following CO, adsorption, and the apparent thickness of the
layer was estimated to be ~0.15 nm. The thickness increased to
~0.19 nm when STM images were taken for the same in CO,-
saturated Mg(ClO,), solution,** indicating Mg”" ions were
networked to the CoPc-CO, complex on the surface via electro-
static interactions. Additionally, high-resolution STM images
collected after performing CO,RR at —1.1 V vs. saturated
calomel electrode (SCE) showed only the presence of the Co
atom and phthalocyanine macrocycle, without the existence of
Mg?*, further confirming that Mg>" assisted in stabilizing
the [CoPc-CO,] adduct without getting adsorbed onto the
electrode surface. Notably, when similar CO,RR processes were
performed using CoPc-modified Au electrodes in different
alkaline-earth metal electrolytes, such as Ca(ClO,), and
Ba(ClO,),, the apparent layer height of the CoPc monolayer
was similar to that observed in the CO,- and M2*'-free solutions
after saturation with CO,. These data further highlight that
Mg>" ions play a unique role in supporting CO, binding at the
active center of the catalyst. To gain more insight into the effect
of Mg** on CO, adsorption and binding to the catalytic center,
in situ electrochemical STM (ECSTM) was performed for an
identical CoPc-modified electrode, and the surface coverage of
the adsorbed CO, onto the catalyst-immobilized electrode was
estimated. In the CO,-saturated Mg(ClO,), electrolyte, the
average surface coverage was approximately 30% (Fig. 10(B)),
which was much lower when the electrolyte was changed to
NaClO, (12.6%), Ca(ClO,), (17%), or Ba(ClO,), (14.4%).
Furthermore, the rate constant of CO, adsorption in the
Mg(ClO,), solution was 0.36 min~ ', which was higher than
that in the Mg”*-free solution (0.26 min~"). In contrast, the rate
of CO, desorption from the surface was 0.89 min~' in the
presence of Mg>", compared with 1.77 min~" in the Mg**-free
electrolyte. Additional calculations of the AG for the formation
of CoPc-CO, and CoPc-CO,-Mg>" complexes indicated that
CoPc-CO,-Mg”" (AG = —0.142 eV) was more thermodynami-
cally stable than the CoPc-CO, complex (AG = —0.038 eV).
Together, these results indicate that Mg>* acts as an efficient
stabilizer to increase the CO, adsorption/binding rate at the
catalyst active site(s), thereby influencing the overall CO,RR
kinetics.

B. B-centered catalysts are not commonly used for CO,RR
catalysis, except in a few reports in which B acts as a dopant.
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Fig. 11 Proposed steps for the electrochemical CO,RR using B-doped
diamond electrodes (BDDEs). Adapted with the permission of ref. 45.

One example is a B-doped diamond electrode (BDDE), which
alters the electrochemical CO,RR pathway by avoiding the
typical generation of CO,*” in the elementary CO,RR step.*®
In the CO,RR pathway promoted by BDDEs, CO, binds to the
electrode surface as monodentate carbonate, [BDDE-O-CO,>"]
(Fig. 11), instead of forming the [BDDE-CO,] adduct in the CO,-
saturated aqueous electrolyte. In situ attenuated total reflec-
tance infrared (ATR-IR) spectroscopy confirmed the presence of
the carbonate group at the BDDE surface, with strong absorp-
tion peaks at 1530-1470 and 1370-1300 cm ' due to the
vibration of -O-CO,.*> Notably, the intensity of these ATR-IR
absorption peaks increased with time as more CO, was
adsorbed at the electrode surface upon saturation with CO,.
This CO, activation at the BDDE is termed the ‘“self-activation”
process, which increases the effective electroactive area toward
CO,RR.*> Next, those carbonate moieties at the BDDE were
converted to carboxylic groups following a proton-coupled
electron transfer (PCET) step and finally to formate, which
was released as a CO,reduced product. The electrical-to-
chemical energy conversion efficiency for CO,RR using the
BDDE was 50% for the production of formate (or formic acid,
depending on the pH of the solution) from CO,. Although the
actual role of immobilized B in BDDE is yet to be explored, B-

1776 | Chem. Commun., 2023, 59, 1767-11779

doped electrodes could be promising for generating formate
from CO, via selective carbonate intermediates.

Another example of a B-supported electrochemical CO,RR was
reported by Liu et al., in which they introduced B into a single
atomic Fe site complex.”® Using a B-incorporated single atomic Fe
electrocatalyst, ~99% FE for CO production with a current
density of 130 mA cm™? was observed in CO,-saturated 0.1 M
KHCO; buffer after performing bulk electrolysis in a membrane-
separated H-cell. Under these electrochemical conditions, the
presence of B near the Fe active site in the single-Fe-atom complex
enhanced the reaction kinetics for the overall CO,RR. Further-
more, the investigation of double-layered capacitance revealed
that the presence of B enhanced the effective electrochemical
surface area of the B-supported single Fe atom electrodes and
exposed more active sites, resulting in better electrode-CO,
interaction.*® Thus, faster CO,RR kinetics were obtained using
the B-incorporated single Fe atom electrocatalysts.

Ga. CO is a common C; product in the electrochemical
CO,RR cycle; however, using Ga in catalysts has been primarily
reported for producing more value-added products, such as
methane (CH,), formic acid (HCOOH), ethane (C,Hg), ethylene
(CyH,), n-propanol (C3H,OH), and methylglyoxal (CH;CO-
CHO).””"*° In this section, we discuss these examples and the
role of Ga in electrocatalytic CO,RR cycles.

Sekimoto et al. demonstrated the performance of Sn- or Si-
doped Ga oxide (Ga,Oj3) electrodes for the selective production
of HCOOH with > 80% FE in the electrochemical CO,RR.*” The
authors revealed that the FE for HCOOH formation was inde-
pendent of the type of dopant (Sn or Si) present in the Ga,O3
electrodes. Therefore, the selective CO,RR toward the for-
mation of only HCOOH could be credited to the performance
of the Ga,0; electrodes. Thermodynamic insights into HCOOH
formation at the Ga,O; electrodes were also obtained using
DFT. Protonation occurred at the C center following CO,
adsorption on the Ga,0; surface, yielding the [HCOO-Ga,0;]
adduct, in which the two O atoms coordinated with the Ga
sites. The distance between one Ga atom and one O atom was
0.20 nm, and such weak binding could help the desorption
of the product (such as HCOOH) after [HCOO-Ga,0;] was
reduced by a single H" and single e”. Furthermore, the Ga,0;
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electrodes exhibited stable catalytic current (~0.3 mA cm™?)
over 50 repeating CV sweeps recorded under CO, atmosphere,
indicating the robust stability of Ga electrodes for CO,RR.

Lewis et al. determined that bimetallic NiGa films (NiGa,
Ni;Ga, and Ni;Ga;) were active electrocatalytic materials for the
CO,RR in a neutral bicarbonate solution.*® Using NiGa films,
CH,, C,Hs, and C,H, were obtained as the primary CO,-
reduced products at low onset potentials, with less than
—0.48 V vs. reversible hydrogen electrode (RHE).*® Further-
more, various NiGa films catalyzed the formation of CO,-
reduced C, products via an intermediate CO formation step.
Further reduction of the CO with selective H" and e~ yielded
CH, and C, products. CO could bind strongly to the Ni center,>
but the presence of Ga in bimetallic NiGa films destabilized Ni-
CO interactions, resulting in the further reduction of CO toward
more reduced products, such as CH, or the multi-carbon
products C,H, and C,He.

Other than Ga-based electrodes, single-atom Ga electrocata-
lysts were reported for the selective CO,-to-CO conversion with
FEs >90%.”' Using these single-atom Ga catalysts, much
higher current densities were obtained for the electrochemical
CO,RR compared to the previously discussed Ga,O; electrodes.
Based on the DFT calculations, the adsorbed CO, was proto-
nated at the rate-determining step to form the [Ga electrode-
COOH] intermediate, which finally generated CO upon further
reduction. Furthermore, doping single-atom Ga electrodes with
heteroatoms (e.g., P and S) significantly decreased the AG
barriers for the rate-determining step of CO generation. The
P- and S-doped, single-atom Ga electrocatalysts were flexible in
geometry at the Ga center, which also supported the thermo-
dynamic parameters of the CO formation step by reducing the
activation energy of the *COOH species generated at the surface
of the electrode.

Ge and Sn. Group 14 elements rarely serve as catalytic
centers for multi-H'/multi-e~ transfer reactions, except for a few
examples of Ge- or Sn-based solid materials. For example, Ge-S-In
amorphous glass materials®®> and Sn-containing electrocatalysts™>
have been reported for the CO,RR owing to their high selectivity,
low overpotential, and steady catalytic stability.

Ge. Ge-S-In chalcogenide glass materials were prepared to
perform CO,RR in an aqueous electrolyte.>® Using these Ge-S-
In glass electrodes, ~15% FE for CO formation at an applied
potential of —1.3 V vs. normal hydrogen electrode (NHE) was
determined after performing bulk electrolysis for over 5 h.
Notably, when the micron-sized particles of Ge-S-In were
deposited onto the C-paper electrode, a comparatively higher
catalytic current was observed in the CO,-saturated aqueous
electrolyte. Upon performing preparative-scale electrolysis
using micron-sized Ge-S-In particles adsorbed onto the C-
paper, the product in the CO,RR changed to HCOOH with an
FE of 26.1%. Further control electrolysis without drop-casting
Ge-S-In particles on the C-paper electrodes exhibited a low FE
(7.1%) for HCOOH, indicating that Ge-S-In materials are
required to increase the FE for HCOOH production.

Sn. Publications on Sn-based electrocatalytic materials
for CO,RR have grown since 2014.>> Among them, metallic
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Sn-based catalysts have been promising for electrochemical
CO,RR, owing to their high surface area that enables more
interaction between the catalyst and CO,.>* The enhanced
interaction reduces overpotentials, thus thermodynamically
proceeding in the formation of CO,-reduced intermediates,
COOH* or HCOO*.”® Furthermore, different morphologies of
metallic Sn electrodes, such as rod, planar sheet, and dendritic,
have been tested to optimize the size and shape of the Sn
electrodes with their efficiency and product selectivity toward
CO,RR. Moreover, the nanorod-shaped Sn electrodes selectively
generated HCOOH with an FE of 94.5% at the applied potential
of —1.6 V vs. Ag/AgCL.>° Sn-containing bimetallic electrocata-
lysts, such as Pd-Sn,”” Cu-Sn,”® and Bi-Sn,> have also been
studied for the CO,RR, where HCO,  or HCOOH is the major
product. Additionally, Cu-Sn alloys are known for selective
CO,-to-CO conversion in CH;CN electrolytes, as reported by
Sacci et al.®®

In addition to the Sn-based materials discussed above, Sn
oxide electrodes have been extensively explored. For example,
Sn oxide nanoparticles immobilized onto graphene layers pro-
moted the CO,RR at only 340 mV of overpotential with >93%
FE for HCO, ™ formation. These electrocatalysts were stable over
18 h. Moreover, one-dimensional Sn oxide nanomaterials
exhibited elevated electrochemical CO,RR performance, such
as high current densities and selective product formation
(commonly HCOOH formation).®" These remarkable CO,RR
activities are primarily attributed to the large surface area
at the catalyst site, which enhances the catalyst-substrate
interaction.

P and Bi. Group 15 elements, primarily P and Bi, are
commonly used as co-catalysts in redox reactions related to
small-molecule activation. Herein, we chose examples of
reports that emphasize the roles of P and Bi in influencing
the thermodynamic and kinetic parameters of the CO,RR.

P. P typically assists the transition-metal-based catalysts for
CO,RR.*” For example, the presence of P near a single-Fe-atom
catalyst has prompted the CO,RR catalysis toward the selective
formation of CO with an FE of 98% and TOF of 508.8 h™" at the
overpotential of 0.34 V.°> When P was near the single Fe atom,
the partial current densities for CO production was enhanced,
and the overpotential for the overall CO,RR decreased by the Fe
site stabilizing at a lower oxidation state upon the formation of
*COOH and *CO intermediates. Thus, the reduced Fe site could
push more electron densities to activate CO, and enabled CO
desorption at the end of the catalytic cycle, as determined by
DFT calculations.®® Furthermore, similar developments of cat-
alytic materials by incorporating P into an N-doped, C-
supported single-Fe-atom catalyst, reported by Sun et al,
demonstrated that 97% FE can be obtained for CO formation
at 0.32 V of overpotential while performing CO,RR in the
aqueous electrolyte.> DFT calculations were in agreement;
therefore, the presence of P atoms near the Fe center can
support more electron localization at the Fe center, thus
stabilizing the *COOH intermediate.

Cu nanocrystal catalysts doped with P have also become
efficient electrocatalysts for converting CO, into ethylene
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(FE, ~31%) and alcohols (~45%).°* The catalytic current
density achieved in the CO,RR was high (57.2 mA cm?)
compared to that for the Cu catalysts without P-doping. How-
ever, the formation of C,, products from CO, critically depends
on the thermodynamic landscape behind C-C bond formation.
Chen et al. estimated that the AG for C-C coupling processes
was more challenging (AG = 0.51 eV) without P (AG = —0.49 eV).
They further reported that the presence of P atoms near Cu
atoms could influence the energy levels of the Cu 3d-orbitals,
bringing them near the Fermi level and facilitating a stronger
overlap between the 3d-orbitals of P-doped Cu and the reduced
CO, intermediates (i.e., *COHCO). Thus, these intermediates
were energetically stabilized at the surface of the P-doped Cu
electrodes, lowering the overpotential of the reaction.

In addition to transition metals, the introduction of P into
N-doped C catalysts (N-C) also exhibited notable effects on the
electrochemical CO,RR. Li et al. studied metal-free C electrodes
co-doped with P and N and determined their stability over 24 h
of electrolysis while reducing CO, to CO with an FE of 92%.°
DFT calculations further supported the hypothesis that the P
dopant could lower the AG of *COOH formation and polarize
the electron densities at the active site to raise the energy level
near the Fermi level. This change in the energy level signifi-
cantly boosted the electron-transfer process between the active
site of the catalyst and CO, (or reduced CO, intermediates).

Bi. B-containing electrocatalysts for CO,RR are often selec-
tive for the reduction of CO, to HCO, . Here, we focus on Bi
nanomaterials and B-doped Bi electrodes for the CO,RR. Fan
et al. revealed that the curvature of Bi nanomaterials, such as Bi
nanotubes and nanosheets, could influence the thermody-
namic landscape of the CO,RR and product selectivity.®® This
hypothesis was investigated using Bi nanotubes with high
curvature, and the catalytic current density for CO,RR was
39.4 mA cm™ > with 97% selectivity toward HCO,  production.
Compared with the performance of Bi nanosheets under iden-
tical electrochemical conditions, Bi nanotubes were more
effective in maintaining a high FE (>90%) for HCO, for-
mation at a fixed applied potential.

An additional example of Bi-based materials for the selective
CO,-to-HCO,~ conversion was reported by Liu et al.®” They
prepared B-doped Bi-based electrodes and achieved 90% FE for
the HCO, ™ formation reaction within a wider applied potential
window between —0.6 and —1.2 Vvs. RHE. The incorporation of
B into Bi materials enriched the electron density of Bi and
altered the adsorption energy of the CO,-reduced intermediate,
OCHO*. These effects influenced the kinetics of the CO,RR.
However, Bi materials, which are less toxic, earth-abundant,
and environmentally friendly, are promising for the selective
CO,-to-HCO,~ conversion.

Summary

Electrochemical HER and CO,RR have gained significant atten-
tion for addressing climate change and future energy infra-
structure. Electrocatalytic conversion is promising in the field
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of chemistry, where transition-metal catalysts are in the spot-
light. Despite the remarkable progress in the development of
transition-metal-based electrocatalysts, electrocatalytic materi-
als comprising main-group elements have potential for con-
verting CO, into value-added chemicals or producing H,. This
article reviewed studies that explored the main-group element-
based electrocatalysts for the CO,RR and HER. We discussed
the activities of the main-group elements by carefully selecting
elements that exhibit unique roles in enhancing the CO,RR or
HER kinetics, product selectivity, or assisting in the intermedi-
ate stabilization steps. First, we discussed the remarkably
efficient HER activities promoted by the molecular Al- and
Ga-based electrocatalysts and their mechanism for producing
H,, resembling the pathways of the transition-metal-catalyzed
HER. Next, we highlighted the performance of Ge and Sn
materials for the CO,RR and HER, including one of our studies
that used a molecular Sn porphyrin derivative that produces H,
in a non-aqueous electrolyte. Second, we discussed the selec-
tivity of CO,-to-HCO,~ using group 13 elements, particularly B
and Ga. Additionally, we focused on the Lewis acidity of the
elements in groups 1 and 2 toward CO,RR selectivity and
kinetics. Finally, we discussed the various roles of P, Sb, and
Bi in CO,RR and HER electrocatalysis under both homoge-
neous and heterogeneous conditions. Together, the exclusive
discussion on the main-group element-promoted CO,RR and
HER could serve as excellent resources for progressing main-
group element-based electrocatalyst design, development, and
implementation in fuel-forming reactions or storing energies in
chemical bonds.
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