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ABSTRACT: Molecular catalysts for electrochemical and photochemical CO 2 reduction have developed rapidly during the past 
two decades. Using non-noble metal (Ni, Co, Mn, Fe, and Cu) complexes as molecular catalyst, numerous catalytic systems have 
shown good catalytic performance for CO 2 reduction. It is useful to draw conclusions from the results of reported works and identify 
concepts that may provide future frameworks in catalyst design for CO 2 reduction. It is well-known that the ligand in molecular 
complexes is one of the key factors affecting catalytic performance. Modification of the ligand structure has become an important 
strategy to improve the catalytic performance. This rev iew, beginning w ith a brief general introduction to molecular catalysis of 
CO 2 reduction, intends to reveal ligand effects of non-noble metal complexes on the catalytic performance for CO 2 reduction. The 
latest progress on both electrocatalytic and photocatalytic CO 2 reduction by non-noble metal complexes has been summarized, 
wherein, emphasis has been placed on the effect of ligands on catalyst efficienc y, selectiv ity and stability. New developments involving 
immobilization of non-noble metal complexes on solid supports or electrodes have also been discussed. Finally, several constructive 
suggestions in designing efficient molecular catalysts for CO 2 reduction have been put forward. 
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INTRODUCTION 

The conversion of CO 2 into fuels or chemicals through elec-
trocatalytic or photocatalytic process is a green and economical
strategy to achieve a sustainable energy supply technology. 1–3 

Due to its inertness, direct reduction of CO 2 by one electron to
CO 2 

. − is highly unfavorable, which requires a formal reduction
potential as high as −1.90 V vs NHE in neutral aqueous solu-
tion. 4–6 An alternative and more favorable pathway is to reduce
CO 2 through proton-assisted multiple-electron transfer. 7 , 8 In
this case, CO 2 can be reduced to diverse products (HCOOH,
CO, HCHO, CH 3 OH, C 2 H 4 , CH 4 , etc.) with more positive
redox potentials ( Eqs. (1) –(7) , the standard redox potentials
E 

0 correspond to aqueous solutions at pH = 0). 5 , 9 Increase of
electrons and protons involved in CO 2 reduction reaction shifts
the standard reduction potential anodically, favoring CO 2 reduc-
tion thermodynamically. However, because the kinetic barrier
generally increases with the increase of electrons and protons,
deep reduction of CO 2 to HCHO/CH 3 OH/C 2 H 4 /CH 4 is sti l l
more difficult than to HCOOH/CO. 10 Besides, the reduction
of proton is a strong competition reaction with CO 2 reduction,
as the reduction potential is −0.41 V vs NHE, more positive
than that of some CO 2 reduction reactions. 11–15 Therefore, the
development of proper catalysts to enhance the efficiency and
selectivity of CO 2 reduction reaction is indispensable. 

CO 2 + e − + H 

+ → (1/2)H 2 C 2 O 4 , E 

0 = −0.50 V vs SHE (1)

CO 2 + 2e − + 2H 

+ → HCOOH, E 

0 = −0.25 V vs SHE (2)

CO 2 + 2e − + 2H 

+ → CO + H 2 O, E 

0 = −0.11 V vs SHE (3)
© 2020 Elsevier Ltd. All rights reserved. 1 
CO 2 + 4e − + 4H 

+ → HCHO + H 2 O, E 

0 = −0.07 V vs SHE (4)

CO 2 + 6e − + 6H 

+ → CH 3 OH + H 2 O, E 

0 = +0.02 V vs SHE (5)

CO 2 + 6e − + 6H 

+ → (1/2)C 2 H 4 + 4H 2 O, E 

0 = +0.06 V vs SHE
(6) 

CO 2 + 8e − + 8H 

+ → CH 4 + 2H 2 O, E 

0 = +0.17 V vs SHE (7)

Homogeneous molecular catalysts have attracted wide interest
in CO 2 reduction, because their definite spatial structures
facilitate structural design/modification, performance-structure
analysis and mechanistic study. Transition metal complexes are
prime candidates for CO 2 reduction as molecular catalysts,
because metal centers usually exhibit diverse oxidation states
and ligands can tune the electron distribution around metal
centers to regulate the reactivity. 16 The accessible modification
to the structures of metal complexes provides the opportunity to
promote the catalytic efficiency in CO 2 reduction. Furthermore,
the formal reduction potentials can be systematically tuned
through ligand modification to well match the potential required
for CO 2 reduction. 7 

Several parameters are commonly used to evaluate the per-
formance of molecular catalysts in CO 2 reduction ( Eqs. (8) –
(14)) . 7 , 17 Product selectivity is the first important parameter,
DOI: 10.1016/j.enchem.2020.100034 
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hich can be calculated through division of the amount of target
O 2 reduction product by the total amount of reduced products

ncluding the byproduct H 2 ( Eq. (8) ). 

electivity ( 100% ) = 100 × [ target product ( mol ) ] / 
[ all reduced products ( mol ) ] (8)

Turnover number (TON) and Turnover frequency (TOF)
re another two important parameters for molecular catalysis of
O 2 reducton. TON is the amount of a specific product that
er catalyst amount over its lifetime, which indicates the stability
f the catalyst ( Eq. (9) ). TOF is defined as the TON per unit

ime, which indicates the speed of the catalytic cycle ( Eq. (10) ).
ON and TOF are also calculated in some electrocatalytic CO 2 

eduction by employing Eqs. (11) and ( 12 ), 18 , 19 where E is the
pplied potential, E cat is the standard potential for a catalyst, k cat is
he intrinsic catalytic rate constant, T is the reaction temperature,
nd F is the Faraday constant. By this way, large TON and TOF
alues are usually obtained. However, these values may not reflect
he real reactivity of the catalysts, as using TOF value obtained
n short time CV experiment to extrapolate TON number in
lectrolysis (TON = TOF (CV) × t ) often overestimates the real
ON. Therefore, the calculation approach to reliable TON and
OF values is to do an extended electrolysis and then to divide

he mol number of product by the total mol number of catalyst in
he solution ( Eqs. (9) and (10) ). 

ON = [ product ( mol ) ] / [ catalyst ( mol ) ] (9)

OF = TON / [ reaction time ] (10)

ON = 

k cat 

1 + exp 

[ F 
RT ( E − E cat ) 

] × t (11)

OF = 

k cat 

1 + exp 

[ F 
RT ( E − E cat ) 

] (12)

= E 

0 − E (13)

Besides TON and TOF, overpotential ( η) and Faradaic
fficiency (FE) are also important parameters to describe the
lectrocatalyst performance. η is defined as the diffierence
etween the real potential E at which the electrolysis is operated
nd the standard potential E 

0 for a specific CO 2 reduction
eaction ( Eq. (13) ). FE represents the conversion efficiency
rom electricity to chemical energy. An excellent molecular
lectrocatalyst is expected with high TON, TOF and FE values
ith a low η. 
In photocatalytic process, the quantum yield ( �) is mean-

ngful to describe the catalyst performance, which indicates the
onversion efficiency from light energy to chemical energy. It
an be calculated through Eq. (14) . Most sacrificial electron
onors (e.g., triethylamine (TEA), triethanolamine (TEOA),
-benzyl-1,4-dihydronicotinamide (BNAH), and ascorbic acid
AscH 2 )) function as a one-electron donor during the pho-
ocatalytic reaction. The maximum � for a single-electron
eduction is 1, while for n electron reductions, it is 1/ n . It should
e noted that 3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-

midazole (BIH) can act as a two-electron donor with one-
hoton excitation of a photosensitizer, which result in maximum

higher than 1. 20 , 21 

( 100% ) = 100 × [ CO 2 reduction products ] / 
[ incident photons ] (14)
2 
Among molecular metal complexes, non-noble metal com-
lexes are more desirable for CO 2 reduction than noble ones

or practical application. Non-noble metal complexes for elec-
rochemical and photochemical CO 2 reduction had aroused the
rst wave of interest in 1980s and 1990s, 22–25 and have received
enewed attention recently for modern energy and environmental
hallenges ( Scheme 1 ). 18 , 26–32 

In electrocatalytic CO 2 reduction, Tinnemans and co-workers
nitially designed several tetraaza-macrocyclic Co(II) and Ni(II)
omplexes in 1984, which were found electrochemically active
or CO 2 reduction. 24 After that, many non-noble metal (Ni,

o, Mn, Fe, and Cu) complexes with macrocycle, porphyrin or
hosphine ligands were designed and used as CO 2 reduction
lectrocatalysts. 33 A significant progress has been made in 2010.
he Bouwman group achieved the electrocatalytic reduction of
O 2 to oxalate by using a binuclear copper complex bearing
 tetrapodal disulfide ligand. 34 Later, two polypyridine Mn
omplexes were employed as efficient electrocatalysts for CO 2 
eduction by Deronzier and collaborators. 35 These designed
lectrocatalysts show an excellent efficiency, selectivity and
tability for the CO 2 -to-CO conversion at a moderate overpoten-
ial. In 2012, Costentin, Savéant and co-workers systematically
tudied the effect of the substituents of porphyrin complexes
n the electrocatalytic efficiency for CO 2 reduction. 36 They
emonstrated that an Fe porphyrin with phenolic groups at

he ortho positions shows extremely enhanced electrocatalytic
fficiency for CO 2 reduction to CO. Subsequently, various non-
oble metal complexes were covalently or noncovalently attached

o solid supports or electrodes for the development of efficient
eterogeneous electrocatalytic systems for CO 2 reduction. 37 , 38 In
016, Robert and co-workers immobilized a pyrene-derivatized
e triphenylporphyrin on multiwalled carbon nanotubes via
oncovalent interactions. The resulting modified carbon material
an serve as an efficient, selective, and stable electrocatalyst for
O 2 -to-CO conversion at low overpotential (480 mV) in neutral

queous solution. 37 In 2018, Chang and co-workers developed
n efficient supramolecular electrocatalyst by embedding Fe-
PP (iron tetraphenylporphyrin) into a supramolecular porous
rganic cage. 39 This new strategy results in a larger amount of
xposed electroactive Fe centers, which significantly improves the
atalytic activit y and durabilit y for CO 2 -to-CO conversion in pH
.3 aqueous condition. 

In photocatalytic CO 2 reduction, the first homogeneous
hotocatalytic system based on non-noble metal catalyst was
eported by Lehn’s group in 1982, in which CoCl 2 was used as

olecular catalyst. 25 Then, a large number of non-noble metal
Ni, Co, Mn, Fe, and Cu) complexes with various kinds of ligands
macrocycle, polypyridyl, porphyrin, and phosphine ligands
tc.) were prepared for photochemical CO 2 reduction. In 1992,
imura and co-workers developed a bimetallic photocatalyst

omposed of a macrocyclic complex Ni(cyclam) 2 + as a catalytic
ite and a Ru( phen) 3 2 + ( phen = 1,10-phenanthroline) subunit as
 photosensitizer, which exhibits a higher CO selectivity than the
ixed system comprising Ni(cyclam) 2 + and Ru(phen) 3 2+ . 40 Due

o the high density of catalytically active sites, excellent CO 2 ad-
orption capacities, and tailorable light-absorption abilities, 41–44 ,

etal-organic frameworks (MOFs) have also been explored for
hotocatalytic CO 2 reduction. 45 In 2014, Wang and co-workers

ound that a Co-based zeolitic imidazolate framework can
atalyze the photoreduction of CO 2 to CO under mild reaction
onditions, giving a TON CO 

of 450 within 2.5 h. 29 In 2016, two
ighly efficient and selective Fe and Co quaterpyridine complexes
ere employed as catalysts for photocatalytic CO 2 reduction.
DOI: 10.1016/j.enchem.2020.100034 
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Scheme 1. The timeline of non-noble metal-based molecular complexes for CO 2 reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significantly, these complexes are also efficient and selective cata-
lysts when using organic dye purpurin as the photosensitizer. 46 

Later, Robert et al. demonstrated an Fe tetraphenylporphyrin
complex functionalized with trimethylammonio groups can serve
as a robust and efficient catalyst not only for reduction of CO 2
to CO, but also for reduction of CO 2 to CH 4 upon visible light
irradiation. 47 In 2018, our group designed and synthesized a
dinuclear heterometallic complex which displays extremely high
activity and selectivity for photocatalytic CO 2 reduction in a
water-containing solution, with CO selectivity and TON value as
high as 98% and 65,000, 30 respectively. Experiments and theory
calculations revealed that dinuclear metal synergistic catalysis
(DMSC) effect dramatically boosts the photocatalytic CO 2 -to-
CO conversion. Very recently, a novel Ni complex supported by
a S 2 N 2 -tetradentate ligand with two noncoordinating pyridine
pendants was developed by Kojima and co-workers. They found
that the addition of Lewis-acidic Mg 2 + ions in the catalystic
system greatly boosted photocatalytic CO 2 -to-CO conversion,
as compared to the other Ni complex w ithout the Lew is-acid
capturing sites. 32 

It can be seen that great progresses have been achieved
in molecular catalysis for CO 2 reduction by non-noble metal
complexes during the past several decades, which have been
summarized in many recent reviews. Some of them are broad
full reviews, 5 , 9 , 48 and more of them discussed the effect of
metal centers on the catalyst performance for CO 2 reduction,
including transition metal complexes, 2 , 20 earth abundant metal
complexes, 11 one or two special metal (e.g., Ni, 49–50 Mn, 16 

Co, 4 Co and Fe, 51 or Ir and Ru 

52 ) complexes, or special metal
and/or ligand based complexes (e.g., iron porphyrin complexes 26 

and polypyridine-based metal complexes 53 ) and so on. Besides,
some reviews focus on molecular photocatalysts 17 , 54 and mecha-
nisms/methods 5 , 10 for CO 2 reduction. In fact, the environments
around metal centers (i.e., the ligand or the coordination atoms)
also play significant roles in affecting the catalytic performance.
Therefore, a review from the perspective of ligand design
is necessary to give possible guidance for researchers a new
direction for the invention of excellent molecular catalysts. 
3 
This review is intended, from the perspective of ligand design,
to introduce the significant progress on CO 2 reduction by
molecular non-noble metal complexes. Efforts have been made
on summarizing the reported ligand design and modification
of catalysts for improving the catalytic performance for CO 2 
reduction. Emphasis has been placed on concluding the effect
of ligand optimization on the catalyst efficienc y, selectiv ity
and stability, as well as providing constructive suggestions for
researchers on designing CO 2 reduction catalysts with improved
catalytic performance. Up to now, the exellent works on ligand
modification used to develop highly efficient molecular catalyst
for CO 2 reduction, are mainly for Ni, Co, Mn, Fe, or Cu-
based complexes. Therefore, other non-noble metal (Cr, Mo,
W, etc.) based complexes are not described in detail in this
review. 55 , 56 To well summarize the research progresses on CO 2 
reduction by molecular non-noble metal (Ni, Co, Mn, Fe,
and Cu) complexes, this review has been divided between
electrocatalytic and photocatalytic CO 2 reduction structurally.
This division is to compare the activity of catalysts with similar
structures under similar catalytic system, based on which reliable
activity-structure relationship could be revealed. Within these
sections, reports have been further divided by ligand type. In
detail, in the first section, the researches on electrochemical
CO 2 reduction were summarized, and in the second, the
researches on photochemical CO 2 reduction were reviewed.
To well demonstrate the ligand design concept, we divide the
non-noble metal molecular catalysts into six major categories
according to ligand types: (1) metal complexes with macrocyclic
ligands, (2) metal complexes with polypyridine ligands, (3) metal
complexes with porphyrin and porphyrin-like ligands, (4) metal
complexes with nonplanar N 4 ligands, (5) metal complexes with
N-heterocyclic carbene ligands, and (6) metal complexes with
phosphine/sulfur/bridging ligands. After the summarization and
discussion of significant progress of CO 2 reduction driven by
non-noble metal complexes, a perspective on development of
non-noble metal complexes with excellent catalytic performance
for CO 2 reduction has been given. 
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 1. Ni/Co complexes based on tetraazamacrocycles as molecular electrocatalysts for CO 2 reduction. 
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ELEC TROCATALYTIC CO  REDUC TION 

lectrochemical CO 2 reduction, using renewable electricity
nergy to convert CO 2 to useful fuels or feedstocks, is a desirable
ay to simultaneously solve the coming energy and climate
roblems. An electrocatalyst for CO 2 reduction participates in
n electron transfer reaction and accelerates the whole chemical
eaction. Electrocatalysts should offer critical solutions to lower
he overpotentials, improve selectivity, and increase the reaction
inetics of CO 2 reduction. These aspects can be optimized by
hemical tuning of the metal centers via appropriate ligand design
nd systematic ligand modification in homogeneous systems. 7 
he data discussed below for electrochemical CO 2 reduction
ere summarized in Table 1 . 

etal complexes with macrocyclic ligands 
mong a variety of ligands in construction of metal complex

lectrocatalysts for CO 2 reduction, a macrocyclic ligand is known
o be capable of stabilizing the reduced species formed in the
atalytic cycle. 57 The development of complexes using macro-
yclic ligands for electrocatalytic CO 2 reduction was pioneered
y Eisenberg et al. in the 1980s. 22 , 23 They found that Co and
i tetraazomacrocyclic complexes ( 1 –5 ; Fig. 1 ) were able to

educe CO 2 to CO with high current efficiency but low TOFs
 Table 1 , entries 1–5). 22 , 58 Then, a representative example of
o tetraazomacrocyclic complex ( 6 ; Fig. 1 ) was designed and

ynthesized. 24 , 59 It was found that at 940 mV overpotential,
he electrolysis in acetonitrile (CH 3 CN) at a carbon electrode
roduced CO in 20–30% FE without byproduct H 2 ( Table 1 ,
ntry 6). 59 

Ni(cyclam) 2 + ( 7) (cyclam = 1,4,8,11-tetraazacyclotetrade-
ane; Fig. 2 ) is a remarkable macrocyclic complex reported by
auvage et al., 60–64 with which the electrochemical CO 2 -to-CO
onversion occurs efficiently and selectively in water (pH 4 to
) at a mercury electrode. In a CO 2 saturated water solution
ithout any added buffer (pH 4.1), electrolysis by 7 for 4 h

t −1.45 V vs Fc + /Fc, corresponding to an overpotential of
40 mV, led to the formation of CO with FE of 96% ( Table 1 ,
ntry 7). 60 , 65 It was interesting that when using an aprotic solvent
f dimethyl formamide (DMF) instead of water solution as a
olvent, after electrolysis for 5 h, HCOOH was found the major
roduct, with a FE of 75% (FE of 24% for CO) ( Table 1 , entry
). 11 , 61 The catalyst was operated at a mercury electrode which
as specific interactions with the catalytic species, making it
ncertain to determine the active catalytic species. 66–68 Then
4 
he ligand cyclam of 7 was structurally modified to improve the
lectrocatalytic performance for CO 2 reduction ( Fig. 2 . 49 , 69–74 

ethyl substitution of the amines on the cyclam ring one by
ne was explored, obtaining Ni(II) complexes ( 7 –11 ; Fig. 2 ). 72 

he result showed that with the increase of the N-methyl
ubstitution in 7 , the electronic and steric properties around
he catalytic center Ni(II) were modified. It was found that
he adsorption of the Ni(II) complexes ( 7 –11 ; Fig. 2 ) on the

ercury electrode increased but the stability of the reduced
i(I) form lowered at the same time. CO 2 binding requires

he catalyst to be in the stable, adsorbed and reduced trans I
or R SR S) Ni(I) form. Without stable Ni(I) catalytic form, the
etramethyl substituted derivative tetramethylated Ni II (TMC) 2 + 

yclam ( 11 ) (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraaza-
cyclotetradecane) exhibits inertness in CO 2 reduction. There-
ore, the highest catalytic activity for electrocatalytic CO 2 
eduction is sti l l the unsubstituted Ni(II) cyclam complex 7 .

owever, due to the high affinity to CO, the concentration
f active 7 gradually decreases in the catalytic system. An
legant way to resume this deactivation is using a CO scavenger,
nd the tetramethylated cyclam complex 11 was subsequently
esigned. 75 The one-electron reduced species Ni I (TMC) + of 11
as both a very large binding constant for CO ( K = 1.2 × 10 

5 

 

−1 ) and a lower reactivity toward CO 2 than the unsubstituted
yclam complex 7 . When 7 and 11 with a molar ratio of 1:20

n H 2 O/CH 3 CN ( v : v = 1:4) solution were simultaneously used
o catalyze CO 2 reduction, the catalytic current was significantly
ncreased, indicating a larger number of catalytic turnovers. These
tudies also demonstrated a degradation pathway due to Ni(0)
pecies formed from reduction of the Ni I (cyclam)(CO) + species.
lthough the N-methylation of the cyclam in 7 could not enhance

he electrochemical activity for CO 2 reduction, the Ni(II)
omplex of hydroxyethyl azacyclam appeared effective. The
esulting 12 ( Fig. 2 ) showed more active than the unsubstituted
yclam complex 7 for electrochemical CO 2 reduction in an
cetate electrolyte. 76 

Besides, Fujita and co-workers systematically investigated
he electrocatalytic activity of Ni complexes with cyclam
erivatives for CO 2 reduction. They found that stronger CO 2 
inding ability of the complex endows the corresponding
omplex higher catalytic performance. 69 The CO 2 binding
onstants of [Ni(HTIM)] 2 + ( 13 ; HTIM = C-RRSS-2,3,9,10-
etramethyl-1,4,8,11-tetraazacyclotetradecane; Fig. 2 ) and
Ni(MTC)] 2 + ( 14 ; MTC = 2,3-trans-cyclohexano-1,4,8,11-
etraazacyclotetradecane Fig. 2 ) with high catalytic activity are
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Table 1. Non-noble metal (Ni, Co, Mn, Fe and Cu) complexes as molecular catalysts for electrochemical CO 2 reduction. 

Entry CAT Conditions (Solvent, Electrode, 
Time) 

TOF 

a (Product) Potential (V) FE% 

(Prod- 
uct) 

Ref 

1 1 
(1.2 mM) 

H 2 O/CH 3 CN ( v / v = 2: 1), 0.1 M 

KNO 3 or H 2 O only, Hg pool, 1.1 h 
7.8 h −1 (CO + H 2 ) in 
1.1 h 

−1.6 V vs 
SCE/[ −1.76 V] f 

93% 

(CO + H 2 ) 
22 

2 2 
(1.2 mM) 

H 2 O/CH 3 CN ( v / v = 2: 1), 0.1 M 

KNO 3 or H 2 O only, Hg pool, 1.1 h 
9 h −1 (CO + H 2 ) in 1.1 
h 

−1.5 V vs 
SCE/[ −1.66] f 

90% 

(CO + H 2 ) 
22 

3 3 
(1.2 mM) 

a number of solvent systems, Hg 
pool, 1.1 h 

nr −1.5 V vs 
SCE/[ −1.66] f 

nr 22 

4 4 
(2.5 mM) 

H 2 O/CH 3 CN ( v / v = 2: 1), 0.1 M 

KNO 3 , Hg pool, 1.1 h 
2.1 h −1 (CO) in 1.1 h −1.3 V vs 

SCE/[ −1.46] f 
44% (CO) 22 

5 5 
(1.2 mM) 

H 2 O/CH 3 CN ( v / v = 2: 1), 0.1 M 

LiClO 4 , Hg pool, 1.1 h 
6 h −1 (CO + H 2 ) in 1.1 
h 

−1.6 V vs SCE 

/[ −1.76 V] f 
98% 

(CO + H 2 ) 
22 

6 6 (1 mM) CH 3 CN, pyrolytic graphite, 0.5 h nr −1.54 V vs 
SCE/[ −1.92 V] f 

20–30% 

(CO) 
59 

7 7 
(0.17 mM) 

H 2 O (pH 4.1), Hg pool, 4 h 32 h −1 (CO) in 4 h −1.05 V vs 
NHE/[ −1.45 V] f 

96% (CO) 60 , 65 

8 7 
(0.2 mM) 

DMF, Hg pool, 5 h [0.64 h −1 (HCOO 

−), 
0.2 h −1 (CO)] b in 5 h 

−1.4 V vs 
SCE/[ −1.87 V] f 

75% 

(HCOO 

−) 
24% (CO) 

61 

9 7 
(50 μM) 

H 2 O (pH 5), Hg pool, 1 h nr −0.96 V vs 
NHE/[ −1.36 V] f 

84% (CO) 69 

10 13 
(50 μM) 

H 2 O (pH 5), Hg pool, 1 h nr −0.96 V vs 
NHE/[ −1.36 V] f 

88% (CO) 69 

11 14 
(50 μM) 

H 2 O (pH 5), Hg pool, 1 h nr −0.96 V vs 
NHE/[ −1.36 V] f 

88% (CO) 69 

12 17 
(1.5 mM) 

CH 3 CN, Hg pool, 43 h nr nr 90% 

(C 2 O 4 
2 −) 

78 

13 20 
(3 μM) 

H 2 O (pH 2.0), Hg pool, 1 h nr −0.99 V vs 
NHE/[ −1.39 V] f 

66% (CO) 
15% (H 2 ) 

70 

14 21 
(1.0 mM) 

CH 3 CN ( + 20% H 2 O), glassy 
carbon, 0.5 h 

[1.28 h −1 (CO), 
6.6 h −1 (H 2 )] b in 0.5 h 

−1.7 V 

e 10.3% 

(CO) 
53.4% 

(H 2 ) 

81 

15 22 
(1.0 mM) 

CH 3 CN ( + 20% H 2 O), glassy 
carbon, 0.5 h 

[9 h −1 (CO), 
8 h −1 (H 2 )] b in 0.5 h 

−1.7 V 

e 80.0% 

(CO) 
7.3% (H 2 ) 

81 

16 23 
(1.0 mM) 

CH 3 CN ( + 20% H 2 O), glassy 
carbon, 0.5 h 

[0.5 h −1 (CO), 
0.74 h −1 (H 2 )] b in 0.5 h 

−1.7 V 

e 29.1% 

(CO) 
44.1% 

(H 2 ) 

81 

17 24 
(1.0 mM) 

CH 3 CN ( + 20% H 2 O), glassy 
carbon, 0.5 h 

nd −1.7 V 

e nd 81 

18 25 
(0.2 mM) 

DMF, Hg pool, 5 h [0.152 h −1 (CO), 
0.64 h −1 (HCOO 

−)] b 
in 5 h 

−1.4 V vs 
SCE/[ −1.87 V] f 

16% (CO) 
68% 

(HCOO 

−) 

61 

19 26 
(0.5 mM) 

CH 3 CN/H 2 O ( v / v = 4: 1), glassy 
carbon, 6 h 

190.0 s −1 

(CO)/[1.54 h −1 CO)] c 
in 6 h 

−1.16 V vs 
NHE/[ −1.85 V] f 

95% (CO) 18 

20 27 
(0.5 mM) 

CH 3 CN/H 2 O ( v / v = 4: 1), glassy 
carbon, 6 h 

4.2 s −1 (CO)/[0.27 h −1 

(CO)] c in 6 h 
−1.16 V vs 
NHE/[ −1.85 V] f 

25% (CO) 18 

21 28 
(1.0 mM) 

CH 3 CN/H 2 O ( v / v = 4: 1), glassy 
carbon, 6 h 

5.0 s −1 (CO)/[0.35 h −1 

(CO)] c in 6 h 
−1.16 V vs 
NHE/[ −1.85 V] f 

62% (CO) 18 

22 29 
(1.0 mM) 

DMF, glassy carbon, 1 h nr −1.5 V vs 
SCE/[ −1.97 V] f 

82% (CO) 12 

23 30 
(1.0 mM) 

DMF, glassy carbon, 3 h [420 h −1 ] b in 3 h −1.25 V vs 
SCE/ −1.72 V] f 75% −80% 

(HCOO 

−) 

12 

24 31 
(0.5 mM) 

DMF ( + 1.2 M TFE), glassy 
carbon, 2 h 

170 s −1 (CO)/[3.1 h −1 

(CO)] c in 2 h 
−2.8 V 

e 98% (CO) 85 

25 32 (0.5 
mM 

DMF ( + 1.2 M TFE), glassy 
carbon, 2 h 

0.5 s −1 (CO)/[0.15 h −1 

(CO)] c in 3 h 
−2.35 V vs 
SCE/[ −2.82 V] f 

23% (CO) 85 

26 33 
(0.5 mM) 

DMF ( + 1.2 M TFE), glassy 
carbon, 2 h 

< 0.0016 s −1 

(CO)/[nc] d in 2 h 
−2.35 V vs 
SCE/[ −2.82 V] f 

< 1% 

(CO) 
85 

27 34 
(1 mM) 

CH 3 CN ( + 5% H 2 O), glassy 
carbon, 22 h 

nr −1.40 V vs 
SCE/[ −1.78 V] f 

85% (CO) 
15% (H 2 ) 

35 , 90 
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28 35 
(1 mM) 

CH 3 CN, glassy carbon, 18 h [1.89 h −1 (CO)] b in 18 
h 

−1.40 V vs 
SCE/[ −1.78 V] f 

100% 

(CO) 
35 

29 36 
(1 mM) 

CH 3 CN ( + 1.4 M TFE), glassy 
carbon, more than 3 h 

340 s −1 (CO)/[nc] d in 3 
h 

−2.2 V vs 
SCE/[ −2.58 V] f 

100% 

(CO) 
94 

30 37 
(1 mM) 

CH 3 CN ( + 0.3 M TFE), glassy 
carbon, 7 h 

5 × 10 3 s −1 (CO)/[nc] d 
in 7 h 

−1.8 V vs 
SCE/[ −2.58 V] f 

98% (CO) 95 

31 39 
(1 mM) 

CH 3 CN ( + 2.0 M TFE), glassy 
carbon, 1 h 

5 × 10 3 s −1 

(HCOOH)/[nc] d in 1 h 
−2.03 V 

e 71% 

(HCOOH) 
108 

32 40 
(1 mM) 

CH 3 CN ( + 2.0 M TFE), glassy 
carbon, 1 h 

5.5 × 10 3 s −1 

(HCOOH)/[nc] d in 1 h 
−2.03 V 

e > 60% 

(HCOOH) 
108 

33 41 
(1 mM) 

CH 3 CN ( + 1.0 M TFE), glassy 
carbon, 1 h 

860 s −1 (CO)/[nc] d in 1 
h 

−1.99 V 

e nr 108 

34 42 
(1 mM) 

CH 3 CN ( + 1.0 M TFE), glassy 
carbon, 1 h 

840 s −1 (CO)/[nc] d in 1 
h 

−1.97 V 

e nr 108 

35 43 
(1 mM) 

CH 3 CN ( + 2.0 M TFE), glassy 
carbon, 1 h 

700 s −1 (CO)/[nc] d in 1 
h 

−2.01 V 

e nr 108 

36 44 
(1 mM) 

CH 3 CN ( + 2.0 M TFE), glassy 
carbon, 1 h 

860 s −1 (CO)/[nc] d in 1 
h 

−2.02 V 

e nr 108 

37 45 
(1 mM) 

CH 3 CN ( + 2.0 M TFE), glassy 
carbon, 1 h 

5.2 × 10 3 s −1 

(HCOOH/[nc] d in 1 h 
−2.00 V 

e 63% 

(HCOOH) 
108 

38 46 
(1 mM) 

CH 3 CN ( + 2.0 M TFE), glassy 
carbon, 1 h 

4.0 × 10 3 s −1 

(HCOOH)/[nc] d in 1 h 
−2.07 V 

e > 60% 

(HCOOH) 
108 

39 47 
(1 mM) 

CH 3 CN ( + 2.0 M TFE), glassy 
carbon, 1 h 

7.5 × 10 3 s −1 

(HCOOH)/[nc] d in 1 h 
−2.01 V 

e nr 108 

40 48 
(1 mM) 

CH 3 CN, glassy carbon, 4 h 1.4 s −1 (CO)/[nc] d in 4 
h 

−1.8 V vs 
SCE/[ −2.18 V] f 

70% (CO) 
22% 

(HCOO 

−) 

110 

41 50 
(1 mM) 

CH 3 CN ( + 5% H 2 O), glassy 
carbon, 4 h 

[0.68 h −1 (CO)] b in 4 h −1.5 V vs 
SCE/[ −1.88 V] f 

76% (CO) 111 

42 51 
(1 mM) 

CH 3 CN ( + 5% H 2 O), glassy 
carbon, 4 h 

[0.23 h −1 (CO)] b in 4 h −1.5 V vs 
SCE/[ −1.88 V] f 

67% (CO) 111 

43 52 
(0.93 mM) 

CH 3 CN ( + 0.5 M PhOH), graphite 
rod, nr 

nr −2.2 V 

e 93% (CO) 
6% (CO) 

112 

44 53 
(1 mM) 

CH 3 CN ( + 0.5 M PhOH), graphite 
rod, nr 

nr −2.2 V 

e 129% 

(CO) 
1% (H 2 ) 

112 

45 56 
(1 mM) 

CH 3 CN ( + 5% H 2 O), glassy 
carbon, 4 h 

nr −1.90 V 

e 73% (CO) 115 

46 57 
(1 mM) 

CH 3 CN ( + 5% H 2 O), glassy 
carbon, 4 h 

nr −2.59 V 

e 40% (CO) 115 

47 61 (0.2–
0.4 mM) 

CH 3 CN, glassy carbon, 1 h nr −1.7 V vs 
SCE/[ −2.08 V] f 

Trace 
(CO) 

117 

48 62 (0.2–
0.4 mM) 

CH 3 CN, glassy carbon, 1 h [20 h −1 (CO)] b in 1 h −1.7 V vs 
SCE/[ −2.08 V] f 

80% (CO) 117 

49 62 
(0.5 mM) 

CH 3 CN ( + 2% H 2 O), 3 M PhOH, 
glassy carbon, 3 h 

533 s −1 (CO)/[5.67 h −1 

(CO)] c in 3 h 
−1.1 V vs 
SCE/ −1.48 V] f 

94% (CO) 118 

50 
63 (0.2 mM) 

CH 3 CN ( + 2% H 2 O, TFE), glassy 
carbon, nr 

nr −1.2 V vs 
SCE/[ −1.58 V] f 

48% (CO) 118 

51 64 
(8.5 nmol 
cm 

−1 ) 

H 2 O (0.5 M NaHCO 3 , pH 7.3), 
multi-walled carbon nanotube, 4.5 
h 

5.45 s −1 (CO)/[nc] d in 
4.5 h 

−0.48 V vs. 
RHE/[ −1.31 V] f 

100% 

(CO) 
122 

52 65 
(2 mM) 

DMF/H 2 O ( v / v = 19:1), Hg pool, 
3 h 

nr −1.72 V 

e 20% (CO) 123 

53 65 
(0.25 mM) 

CH 3 CN/H 2 O ( v / v = 3:1), glassy 
carbon, 1 h 

[2.4 h −1 (CO)] b in 1 h −1.83 V 

e 33.7% 

(CO) 
125 

54 66 
(0.25 mM) 

CH 3 CN/H 2 O ( v / v = 3:1), glassy 
carbon, > 1 h 

[1.9 h −1 (CO)] b over 1 h −1.83 V 

e 25.8% 

(CO) 
125 

55 67 
(0.25 mM) 

CH 3 CN/H 2 O ( v / v = 3:1), glassy 
carbon, > 1 h 

[2.2 h −1 (CO)] b over 1 h −1.83 V 

e 28.4% 

(CO) 
125 

56 68 
(0.25 mM) 

CH 3 CN/H 2 O ( v / v = 3:1), glassy 
carbon, 1 h 

[1.7 h −1 (CO)] b in 1 h −1.83 V 

e 45.2% 

(CO) 
125 

57 69 
(1 mM) 

DMF/H 2 O ( v / v = 95:5), glassy 
carbon, 4 h 

nr nr 31% (CO) 
2% (H 2 ) 

127 

58 70 
(1 mM) 

DMF/H 2 O ( v / v = 95:5), glassy 
carbon, 4 h 

nr nr 12% (CO) 
5% (H 2 ) 

127 
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59 71 
(1 mM) 

DMF/H 2 O ( v / v = 95:5), glassy 
carbon, 4 h 

nr nr 11% (CO) 
18% (H 2 ) 

127 

60 72 
(1 mM) 

DMF/H 2 O ( v / v = 95:5), glassy 
carbon, 4 h 

nr nr 4% (CO) 
23% (H 2 ) 

127 

61 73 
(1 mM) 

DMF/H 2 O ( v / v = 95:5), glassy 
carbon, 4 h 

nr nr 37% (CO) 
4% (H 2 ) 

127 

62 78 
(1 mM) 

DMF ( + 0.1 M PhOH), Hg pool, 
nr 

nr −1.46 V vs 
NHE/[ −2.18 V] f 

100% 

(CO) 
147 

63 79 
(1 mM) 

DMF ( + 2 M H 2 O), carbon 
crucible, 2 h 

[32.5 h −1 ] b in 2 h −1.16 V vs 
NHE/[ −1.88 V] f 

94% (CO) 36 

64 79 
(1 mM) 

DMF ( + 2 M H 2 O), glassy carbon, 
nr 

maximum 10 4.2 s −1 

(CO)/[nc] d , no time 
information 

−1.33 V vs 
NHE/[ −2.05 V] f 

nr 36 

65 80 
(1 mM) 

DMF ( + 2 M H 2 O), glassy carbon, 
nr 

maximum 10 2.5 s −1 

(CO)/[nc] d , no time 
information 

−1.69 V vs 
NHE/[ −2.41 V] f 

nr 36 

66 79 
(1 mM) 

DMF ( + 2 M PhOH), glassy 
carbon, nr 

maximum 10 3.8 s −1 

(CO)/[nc] d , no time 
information 

−1.35 V vs 
NHE/[ −2.07 V] f 

nr 150 

67 81 
(1 mM) 

DMF ( + 2 M PhOH), glassy 
carbon, nr 

maximum 10 4.0 s −1 

(CO)/[nc] d , no time 
information 

−1.28 V vs 
NHE/[ −2 V] f 

nr 150 

68 82 
(0.5 mM) 

H 2 O (pH 6.7), glassy carbon, 72 h nr −1.263 V vs 
SHE/[ −1.663 V] f 

93% (CO) 27 

69 83 
(0.5 mM) 

DMF ( + 0.1 M H 2 O, 3 M PhOH), 
84 h 

maximum 10 6 s −1 

(CO)/[nc] d in 84 h 
−0.944 V vs 
SHE/[ −1.664] f 

100% 

(CO) 
27 

70 84 
(0.5 mM) 

DMF ( + 10% H 2 O), glassy carbon, 
nr 

maximum 10 4.2 s −1 

(CO)/[nc] d , no time 
information 

−1.25 V vs 
NHE/[ −1.97 V] f 

nr 151 

71 85 
(0.5 mM) 

DMF ( + 10% H 2 O), glassy carbon, 
nr 

maximum 10 4.5 s −1 

(CO)/[nc] d , no time 
information 

−1.34 V vs 
NHE/[ −2.06 V] f 

nr 151 

72 86 
(0.5 mM) 

DMF ( + 10% H 2 O), glassy carbon, 
nr 

maximum 10 3.6 s −1 

(CO)/[nc] d , no time 
information 

−1.35 V vs 
NHE/[ −2.07 V] f 

nr 151 

73 87 
(0.5 mM) 

DMF ( + 10% H 2 O), glassy carbon, 
nr 

maximum 10 4.3 s −1 

(CO)/[nc] d , no time 
information 

−1.40 V vs 
NHE/[ −2.12 V] f 

nr 151 

74 88 
(0.5 mM) 

DMF ( + 10% H 2 O), glassy carbon, 
nr 

maximum 10 5.8 s −1 

(CO)/[nc] d , no time 
information 

−1.60 V vs 
NHE/[ −2.32 V] f 

nr 151 

75 89 
(0.5 mM) 

DMF ( + 10% H 2 O), glassy carbon, 
nr 

maximum 10 4.7 s −1 

(CO)/[nc] d , no time 
information 

−1.35 V vs 
NHE/[ −2.07 V] f 

nr 151 

76 91 (2.5 
wt%) 

H 2 O (0.1 M KHCO 3 , pH 6.8), 
carbon nanotube, 10 h 

2.7 s −1 (CO)/[nc] d in 
10 h 

−0.63 V vs. 
RHE/[ −1.43 V] f 

92% (CO) 154 

77 92 (3.5 
wt%) 

H 2 O (0.1 M KHCO 3 , pH 6.8), 
carbon nanotube, 10 h 

4.1 s −1 (CO)/[nc] d in 
10 h 

−0.63 V vs. 
RHE/[ −1.43 V] f 

96% (CO) 154 

78 92 H 2 O (pH ca.14, M KOH), 
92/ carbon nanotube cathode 
catalyst, 10 h 

nr 2.0 V vs 
RHE/[0.77 V] f 

94% (CO) 155 

79 92 H 2 O (pH ca.14,1 M KOH), SnO 2 / 
carbon nanotube cathode catalyst, 
35 h 

nr 2.3 V s 
RHE/[1.07 V] f 

82% 

(HCOO 

−) 
155 

80 93 H 2 O (pH 14, 1 M KOH), carbon 
powder, 0.3 h 

3.9 s −1 in 0.3 h −0.92 V vs 
RHE/[ −2.15 V] f 

94% (CO) 156 

81 94 H 2 O (pH 7.3, bicarbonate 
buffer), carbon fabric, 24 h 

360 h −1 (CO)/[33.1 
(CO)] c in 24 h 

−0.67 V vs 
RHE/[ −1.50 V] f 

nr 159 

82 95 H 2 O (pH 7.3, bicarbonate 
buffer), carbon fabric, 24 h 

2500 h −1 

(CO)/[56.3 (CO)] c in 
24 h 

−0.67 V vs 
RHE/[ −1.50 V] f 

90% (CO) 159 

83 96 H 2 O (pH 7.3, bicarbonate 
buffer), carbon fabric, 24 h 

[162.5 (CO)] b in 24 h −0.67 V vs 
RHE/[ −1.50 V] f 

91% (CO) 159 

84 97 H 2 O (pH 7.3, 0.5 M KHCO 3 ), 
glassy carbon, 24 h 

0.64 s −1 (CO)/[nc] d in 
24 h 

−0.63 V vs 
RHE/[ −1.46 V] f 

100% 

(CO) 
2% (H 2 ) 

39 
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85 78 H 2 O (pH 7.3, 0.5 M KHCO 3 ), 
glassy carbon, 24 h 

0.38 s −1 (CO)/[nc] d in 
24 h 

−0.63 V vs 
RHE/[ −1.46 V] f 

96% (CO) 
6% (H 2 ) 

39 

86 98 H 2 O ( + 0.5 M KHCO 3 ), carbon 
(gas diffusion electrode, 20 atm 

CO 2 ), nr 

nr −1.2 V vs 
A g/A gCl/[ −1.40 V] f 

97% (CO) 161 

87 99 H 2 O (pH 4.6, 5.0 mM Na 2 SO 4 ), 
glassy carbon, supported on 
multiwalled carbon nanotubes, 28 h 

140 h −1 

(CO)/[39.3 h −1 

(CO)] c in 28 h 

−1.1 V vs 
NHE/[ −1.50 V] f 

80% (CO) 170 

88 100 H 2 O (pH 3.0, 10 atm CO 2 ), 
pyrolytic graphite , 1.5 h 

nr −0.8 V vs 
RHE/[ −1.38 V] f 

50% (CO) 162 

89 100 H 2 O (pH 1.0), pyrolytic graphite, 
10 atm CO 2, 1.5 h 

nr −0.8 V vs 
RHE/[ −1.26 V] f 

2.3% 

(CH 4 ) 
6.7% 

(CO) 

162 

90 101 H 2 O (pH 7.3), carbon 
plate, Nafion membrane, 3 h 

144 h −1 

(CO)/[nc] d in 3 h 
−1.03 V vs 
NHE/[ −1.72 V] f 

93% (CO) 
4% (H 2 ) 

37 

91 102 
(1 mM) 

CH 3 CN/H 2 O ( v : v = 4:1), glassy 
carbon plates, 5 h 

[1.96 h −1 (CO)] b in 5 h −1.03 V vs 
NHE/[ −1.72 V] f 

72% (CO) 175 

92 103 
(1 mM) 

CH 3 CN/H 2 O ( v : v = 4:1), glassy 
carbon plate, 5 h 

[1.6 h −1 (CO)] b in 5 h −0.96 V vs 
NHE/[ −1.65 V] f 

74% (CO) 175 

93 104 
(1 mM) 

CH 3 CN/H 2 O ( v : v = 4:1), glassy 
carbon plate, 5 h 

[0.24 h −1 (CO)] b in 5 h −0.91 V vs 
NHE/[ −1.60 V] f 

84% (CO) 175 

94 105 
(1 mM) 

CH 3 CN/H 2 O ( v : v = 4:1), glassy 
carbon plate, 5 h 

[1.2 (CO)] b in 5 h −0.85 V vs 
NHE/[ −1.54 V] f 

41% (CO) 175 

95 106 
(1 mM) 

DMF ( + 5 M H 2 O), glassy carbon 
plate, 24 h 

22.1 s −1 

(CO)/[0.43 h −1 ] c in 24 
h 

−1.24 V vs 
NHE/[ −1.96 V] f 

91% (CO) 177 

96 107 Wet CH 3 CN, glassy carbon, 2 h 3.9 h −1 (CO) in 2 h −1.5 V vs 
SCE/[ −1.88 V] f 

nr 178 

97 108 Wet CH 3 CN, glassy carbon, 2 h 4.2 h −1 (CO) in 2 h −1.5 V vs 
SCE/[ −1.88 V] f 

nr 178 

98 109 Wet CH 3 CN, glassy carbon, 2 h 5.9 h −1 (CO) in 2 h −1.5 V vs 
SCE/[ −1.88 V] f 

nr 178 

99 110 
(0.02 mM) 

CH 3 CN, glassy carbon, 8 h [4.38 h −1 (CO)] b in 8 h −1.8 V vs 
SCE/[ −2.18 V] f 

90% (CO) 
in 0.5 
h;22% 

(CO) in 8 
h 

28 

100 115 
(0.2 mM) 

CH 3 CN ( + 2% H 2 O), glassy 
carbon rod, 1 h 

nr −2.25 V 

e 5% (CO) 
93% (H 2 ) 

179 

101 116 
(0.2 mM) 

CH 3 CN ( + 2% H 2 O), glassy 
carbon rod, 1 h 

21.7 s −1 (CO)/[nc] d in 
1 h 

−2.42 V 

e 56% (CO) 
43% (H 2 ) 

179 

102 117 
(0.2 mM) 

CH 3 CN ( + 2% H 2 O), glassy 
carbon rod, 1 h 

47.5 s −1 (CO)/[nc] d in 
1 h 

−2.44 V 

e 87% (CO) 
11% (H 2 ) 

179 

103 118 CH 3 CN, glassy carbon rod, nr 10 s −1 (CO)/[nc] d , no 
time information 

−2.30 V 

e nr 182 

104 119 CH 3 CN, glassy carbon rod, nr 3 s −1 (CO)/[nc] d , no 
time information 

−2.50 V 

e nr 182 

105 120 CH 3 CN, glassy carbon rod, nr 1 s −1 (CO)/[nc] d , no 
time information 

−1.7 V 

e nr 182 

106 121 
(2 mM) 

DMF ( + 10 mM TEA), glassy 
carbon, 1 h 

nr −1.09 V 

e 1% (CO) 
51% (H 2 ) 

184 

107 121 
(2 mM) 

DMF ( + 10 mM TEA), glassy 
carbon, 1 h 

nr −2.25 V 

e 2% (CO) 
55% (H 2 ) 

184 

108 122 
(2 mM) 

DMF ( + 10 mM TEA), glassy 
carbon, 1 h 

nr −2.00 V 

e 4% (CO) 
91% (H 2 ) 

184 

109 122 
(2 mM) 

DMF ( + 10 mM TEA), glassy 
carbon, 1 h 

nr −2.35 V 

e 2% (CO) 
96% (H 2 ) 

184 

110 123 
(1 mM) 

CH 3 CN ( + 5% H 2 O, HClO 4 , pH 

3.7), glassy carbon rod, 4 h 
nr −1.46 V vs 

SCE/[ −1.84 V] f 
35% (CO) 185 

111 124 
(1 mM) 

CH 3 CN ( + 5% H 2 O, pH 3.7, 
HClO 4 ), glassy carbon rod, nr 

0.08 s −1 (CO)/[nc] d , no 
time information 

nr nr 185 

112 125 CH 3 CN ( + 5% H 2 O, pH = 3.7, 
HClO 4 ), glassy carbon rod, 4 h 

nr −1.93 V 

e 48% (CO) 186 

113 126 
(1 mM) 

CH 3 CN ( + 5% H 2 O, pH = 3.7, 
HClO 4 ), glassy carbon rod, 4 h 

nr −1.77 V 

e 72% (CO) 186 
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114 127 
(1 mM) 

CH 3 CN, glassy carbon rod, 4 h 2100 s −1 (CO)/[14 h −1 

(CO)] c in 4 h 
−2.32 V 

e 92% (CO) 187 

115 127 
(1 mM) 

CH 3 CN ( + 0.56 M H 2 O), glassy 
carbon rod, 6 h 

320,000 s −1 

(CO)/[2.5 h −1 (CO)] c 
in 6 h 

−2.32 V 

e 98% (CO) 187 

116 128 CH 3 CN, glassy carbon, nr nr −0.63 V 

NHE/[ −1.32 V] f 
nr (CO) 189 

117 131 CH 3 CN, Pt, nr 1.0 s −1 (CO), no time 
information 

−1.3 V 

e nr (CO) 188 

118 133 
(1 mM) 

CH 3 CN, glassy carbon, over 5 h nr −2.30 V 

e 100% 

(CO) 
195 

119 133 
(1 mM) 

CH 3 CN ( + 5% H 2 O), glassy 
carbon, 1.7 h 

nr −2.30 V 

e nr (CO) 
41% (H 2 ) 

195 

120 134 
(0.3 mM) 

CH 3 CN, Pt gauze, 24 h > 2.0 h −1 (CO)/[nc] d 
in 24 h 

−1.7 V vs 
A g/A gCl/[ −2.22 V] f 

50% (CO) 197 

121 135 
(0.5 mM) 

DMF ( + 1.1 M H 2 O), glassy 
carbon, 1 h 

650 s −1 

(HCOO 

−)/[23 h −1 

(HCOO 

−)] c in 1 h 

−2.25 e 98% 

(HCOO 

−) 
5% (H 2 ) 

200 

122 135 
(0.5 mM) 

DMF ( + 0.56 M H 2 O), glassy 
carbon, 1 h 

[15 h −1 (HCOO 

−)] b in 
1 h 

−2.25 V 

e 92% 

(HCOO 

−) 
10% (H 2 ) 

200 

123 136 
(0.5 mM) 

DMF ( + 1.1 M H 2 O), glassy 
carbon, 1 h 

180 s −1 

(HCOO 

−)/[9 h −1 

(HCOO 

−)] c in 1 h 

−2.15 V 

e 99% 

(HCOO 

−) 
3% (H 2 ) 

200 

124 137 
(0.5 mM) 

DMF ( + 1.1 M H 2 O), glassy 
carbon, 1 h 

40 s −1 

(HCOO 

−)/[4 h −1 

(HCOO 

−)] c in 1 h 

−2.05 V 

e 86% 

(HCOO 

−) 
6% (H 2 ) 

200 

125 138 
(0.5 mM) 

DMF ( + 5.6 M H 2 O), glassy 
carbon, 1 h 

[1.5 h −1 (HCOO 

−)] b in 
1 h 

−2.10 V 

e 38% 

(HCOO 

−) 
67% (H 2 ) 

200 

126 139 
(0.5 mM) 

CH 3 CN ( + 2 M TFE), Hg pool, 4 
h 

89 s −1 

(HCOO 

−)/[2.25 h −1 

(HCOO 

−), 
0.75 h −1 (CO), 
0.38 h −1 (H 2 )] c in 4 h 

– 1.9 V vs 
A g/A gCl/[–
2.40 V] f 

60% 

(HCOO 

−) 
19% (CO) 
9% (H 2 ) 

205 

127 140 
(0.5 mM) 

CH 3 CN ( + LiClO 4 ), glassy 
carbon, 7 h 

[0.88 h −1 (C 2 O 4 
2 −)] b in 

7 h 
−0.03 V vs 
NHE/[ −0.72 V] f 

96% 

(C 2 O 4 
2 −) 

34 

a TOFs calculated by Eq. (10) . 
b TOFs recalculated by Eq (10) using the reported catalytic data. 
c TOFs calculated by Eq. (12) , as well as Eq. (10) using the reported catalytic data. 
d nc = TOFs can not be recalculated by Eq. (10) because of no reported catalytic data. 
e Potentials in V vs Fc + /Fc. 
f Potentials recalculated with respect to the Fc + /Fc potential in a given solvent according to references 53 , 213 , 214 . The complexes without activity 

or without enough electrochemical data of CO 2 reduction were not listed in the table, despite discussed in the text. nr = not reported. nd = not 
detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.3 and 13 M 

−1 , respectively, whereas other Ni macrocycles (e.g.
15 and 16 ; Fig. 2 ) with poor catalytic activity show negligible
CO 2 binding. 69 , 71 , 77 Furthermore, they found that 13 and
14 show notably higher current densities than the parent 7
at pH 5 ( Table 1 , entries 9–11). The higher activities may
originate from their configurations which are more suitable
for adsorption onto the mercury electrode surface and the
electronic effects from the increased alkyl groups, a favorable
environment for accommodating and reducing CO 2 at the metal
center. 9 

In 2000, a series of Ni amide-functionalized macrocyclic
complexes ( 17–19 ; Fig. 2 ) were found capable of electrocatalytic
reduction of CO 2 to oxalate. 78 The complexes with −COOC 2 H 5 
or −COCH 3 groups at the R 2 position are much more stable
during electrocatalysis than those without −COOC 2 H 5 or
−COCH 3 groups. The catalytic CO 2 reduction with these
electrocatalysts possibly undergoes a dimerization of two CO 2 

. −
9 
radical anions to generate oxalate. Complex 17 shows the best
activity and stability in anhydrous CH 3 CN solution at a mercury
electrode, with a FE (C 2 O 4 

2 −) over 90% ( Table 1 , entry 12).
More recently, a carboxylate-functionalized cyclam ligand was
further employed to prepare a Ni complex 20 ( Fig. 2 ) as an
electrocatalyst for CO 2 -to-CO conversion. 70 , 79–80 Impressively,
complex 20 exhibits higher electrocatalytic activity for CO 2 
reduction than the parent 7 at pH 2 aqueous conditions ( Table 1 ,
entry 13). The improved performance is tentatively attributed to
the pendant carboxylic groups which can serve as a good proton
relay. 

Ren and co-workers presented four derivatives ( 21–24 ; Fig. 2 )
of 7 in 2017. 81 The pendant aryl groups on the macrocycle
al low faci le tuning of the steric and electronic effects of the
catalytic center by changing the substituents on the aryl groups
( Table 1 , entries 14–17). 81 Similar to 7 , 82 complexes 21 –23 do
not require a Hg electrode and allow the use of environmentally
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 2. Ni complexes based on tetraazamacrocycles as molecular electrocatalysts for CO 2 reduction. 

Fig. 3. Dinuclear and mononuclear Ni complexes of tetraazamacrocycles as molecular electrocatalysts for CO 2 reduction. 
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enign carbon working electrodes. Electrochemical investigation
f these complexes demonstrated that the electron-w ithdraw ing
ubstituents on the aryl group deactivate the Ni center during the
eduction of CO 2 and H 

+ , whereas the phenyl, p -tolyl, and aryl-
ree derivatives display surprisingly disparate levels of catalytic
ctiv ity, w ith the phenyl derivative 22 demonstrating the highest
ctivity for CO 2 reduction ( Table 1 , entry 15). 81 

Besides mononuclear metal cyclam complexes, dinuclear
etal cyclam complexes have also been designed for electrocat-

lytic CO 2 reduction. In 1987, a dinuclear Ni cyclam complex
i 2 (biscyclam) 4 + ( 25 ; Fig. 3 ) was found to have similar catalytic

ctivity to its parent 7 . In 25 , two Ni atoms are indirectly linked
ia a bridge ligand. C2 products were expected to be obtained
ia a potential synergistic effect within the dinuclear Ni cyclam
10 
omplex. 61 , 83 , 84 However, no C2 product was generated in the
eaction system. Instead, a significant amount of H 2 was formed,
nd liquid product of HCOO 

− with a maximum FE of 68% was
etected ( Table 1 , entry 18). 61 Very recently, we designed and
ynthesized two dinuclear Ni macrocycle complexes ( 26 and 27 ;
ig. 3 ) and a mononuclear Ni macrocycle complex 28 supported
y three modified macrocyclic ligands. 18 , 50 Electrochemical
xperiments and density functional theory (DFT) calculations
evealed that complex 26 showed the best performance for
lectrochemical CO 2 -to-CO conversion, with a FE (CO) of
5%, and TOF values of 1.54 h 

−1 , respectively ( Table 1 , entry
9). Under the same conditions, the FE (CO) is 62% for the
ononuclear complex 28 ( Table 1 , entry 21), and 25% and 1.62

or the other dinuclear complex 27 ( Table 1 , entry 20). 18 The
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 4. Metal complexes with pentadentate N 5 macrocycles and aminopyridine macrocycles as molecular electrocatalysts for CO 2 reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

much enhanced catalytic activity of 26 can be ascribed to the
suitable distance between two Ni(II) catalytic centers, which
boosts the electrochemical CO 2 -to-CO conversion by synergistic
catalysis. 

The pentadentate N 5 macrocyclic ligands have also been used
to synthesize metal complexes for electrochemical CO 2 reduction
(see Fig. 4 ). Robert group recently discovered that both Co 

II ( 29 )
and Fe III complex ( 30 ) of N 5 macrocycle were active towards
CO 2 reduction at a carbon electrode, with catalytic-center-
dependent reduction products. 12 For complex 29 , a controlled
potential electrolysis (CPE) at −1.97 V vs Fc + /Fc for 1 h led
the formation of CO exclusively, with an 82% faradaic yield, a
current density of 0.4 mA cm 

−2 and an overpotential of 566 mV
( Table 1 , entry 22). During long term electrolysis, deactivation
of 29 was observed. In contrast, for Fe III complex 30 , a CPE
at −1.72 V vs Fc + /Fc for 3 h resulted exclusively in HCOOH
with FE of 75% −80% and a current density of 0.09 mA cm 

−2

( Table 1 , entry 23). A relatively low overpotential of 310 mV and
a catalytic rate k cat = 0.3 s −1 was estimated for the average current
electrolysis. Remarkably, changing the metal catalytic centers
can completely change the CO 2 reduced products. 51 Besides,
Co complexes based on aminopyridine macrocycles ( 31–33 ;
Fig. 4 ) were also found active for CO 2 electroreduction. 85 In the
presence of weak Brønsted acids, large catalytic currents were
observed for 31 in catalyzing the reduction of CO 2 to CO in
DMF solution, with an excellent FE of 98% at an applied potential
of −2.8 V vs Fc + /Fc ( Table 1 , entry 24). 85 In comparison,
when the pendant N–H group was replaced by a N −Me group
( 32 ) or a N −allyl group ( 33 ) ( Table 1 , entries 25–26), TONs
steeply decreased 300 times lower than that of complex 31 . These
results indicate that the presence of the linking NH moiety in
complex 31 is crucial to its electrocatalytic activity. 85 , 86 The
presence of NH groups also leads to a positive shift in the
reduction potential of the Co 

I/0 couple, resulting in a decreased
overpotential for CO 2 reduction. The mechanism for CO 2 -to-
CO conversion by complex 31 was finally proposed. Firstly, the
Co 

II in complex 31 is reduced by one electron to generate the
Co 

I complex, which is further reduced to Co 

0 . Then, CO 2 binds
to the Co 

0 complex to produce the CO 2 adduct ([Co(CO 2 )] 0 ),
which is stabilized by intramolecular H-bonds of the pendant
secondary amines. 27 The successive protonation of the CO 2 
complex produces CO and H 2 O and complex 31 regenerates
simultaneously. 85 , 86 

Metal complexes with polypyridine ligands 
Polypyridine ligands have been used extensively in catalysis for
the activation of small molecules. 87 In CO 2 reduction, polypyri-
dine ligands are also appropriate to construct catalysts, as they can
11 
not only stabilize the reduced metal centers but also mediate the
multi-electron/multi-proton transformations through the ligand
π system. 53 , 88 Early developments of CO 2 reduction molecular
catalysts have indeed involved polypyridine ligands in 1983, by
using a Re complex for photocatalytic CO 2 -to-CO conversion. 89 

Recently, the field was rev italized w ith a particular focus on non-
noble metal complexes. In 2011, Chardon-Noblat and Deronzier
et al. firstly reported Mn complexes based on bipyridine ligand
for electrocatalytic CO 2 reduction. Both complexes 34 bearing
a 2,2 

′ -bipyridine and 35 bearing a 4,4 

′ -dimethyl-2,2 

′ -bipyridine
can catalyze electrochemical CO 2 reduction to CO efficiently
( Fig. 5 ). 35 , 90–92 After 22 h electrolysis with 34 , CO was produced
with 85% FE ( Table 1 , entry 27) and the current reaches a
perfectly stable value (0.06 mA cm 

−2 ). 35 showed better catalytic
activity in terms of selectivity and durability. Even at CPE of
−1.78 V vs Fc + /Fc for 18 h electrolysis, CO was the sole
product and no deactivation was observed ( Table 1 , entry 28).
Further pulsed-EPR studies complemented by DFT calculation
have shown that the catalytic mechanism involves the formation
of a Mn 

0 -Mn 

0 dimer after one electron reduction of the Mn 

I

starting complex. Oxidative addition of CO 2 and H 

+ then leads
to a Mn 

II -carboxylic acid intermediate which finally gets reduced
with a second electron and protonates to evolve a CO and a
H 2 O molecule. Very recently, Hartl and co-workers explored
the catalytic performance of 34 for CO 2 reduction combined
electrochemical and photochemical, which significantly reduce
overpotential for electrocatalytic CO 2 reduction. 93 A ca. 500 mV
of onset potential positively shifted by electricity and light
compared with that driven by exclusively electricity. 

Since then, the modification of the polypyridine ligands
was extensively used to improve the catalytic performances for
CO 2 reduction to CO. 94–97 Complex 36 ( Fig. 5 ) supported on
4,4 

′ -ditertbutyl-2,2 

′ -bipyridine gave a current density as high
as 30 mA/cm 

2 and the faradaic efficiency as high as 100%
during CPE at −2.58 V vs Fc + /Fc in the presence of 1.4 M
trifluoroethanol (TFE) ( Table 1 , entry 29). 94 To minimize
dimer Mn species formation, increasing the steric hindrance
around the metal center was an effective strategy. 95 , 98 , 99 Based
on 6,6 

′ -dimesityl-2,2 

′ -bipyridine, complex 37 ( Fig. 5 ) affords
a high FE for CO evolution after 7 h of electrolysis ( Table 1 ,
entry 30). 95 The resulting activity improvement was attributed
to the inhibition of inactive Mn-dimer formation during the
catalysis. 95 , 100 Two other strategies to minimize dimerization
were also investigated. One is immobilization of these molecular
complexes on the electrode surface or within substrates such as
metal organic frameworks and carbon nanotubes; 101 , 102–105 the
other is replacement of the halide counter anions with a cyano
group, which can stabilize the reduced Mn 

0 . 106 
DOI: 10.1016/j.enchem.2020.100034 
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Fig. 5. Mn complexes based on polypyridines as molecular electrocatalysts for CO 2 reduction. 

Fig. 6. Mn complexes based on polypyridines as molecular electrocatalysts for CO 2 reduction. 

 

b  

3  

[  

b  

p
B  

a  

b  

g  

b  

T  

m  

C  

s  

s  
In addition to mesityl group, the 6,6 

′ -positions can also
e modified with methoxy–phenyl. The resulting complex
8 ( fac -Mn 

I ([(MeO) 2 Ph] 2 bpy-CO) 3 (CH 3 CN)) + ( Fig. 5 ;
(MeO) 2 Ph] 2 bpy = 6,6 

′ -bis(2,6-dimethoxy-phenyl) −2,2 

′ -
ipyridine) possesses higher catalytic activity than 37 when
roton source of either PhOH, TFE, H 2 O, or MeOH is used. 107 

ecause the [(MeO) 2 Ph] 2 bpy ligand in 38 introduces an
dditional electronic influence and noncovalent hydrogen-
12 
onding interactions between C −OH and the pendant methoxy
roup that significantly lowers the activation barrier for C −OH
ond cleavage from the metallocarboxylic acid intermediate.
his provides an access to the protonation-first pathway,
inimizing the overpotential required for electrocatalytic
O 2 -to-CO conversion. It is well known that controlling the

electivity for different CO 2 reduction products is a significant
cientific challenge. Very recently, Daasbjerg and co-workers
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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explored a series of Mn complexes ( 39–47 , Fig. 5 ) with modified
bipyridine and phenanthroline ligands which can act as selective
electrocatalysts for CO 2 reduction. 108 In this work, they found
that the designed Mn complexes can reduce CO 2 to either
HCOOH when the ligand contains tertiary amines in the ortho
positions ( 39, 40, 45, 46 , and 47 ), or CO when the amine groups
are absent in the modified ligand ( 42, 43 , and 44 ) or placed far
from the metal center ( 41 ). Besides, the amine modified Mn
complexes 39, 40, 45 , and 46 were able to reduce CO 2 to
HCOOH at low overpotentials exceeding current state-of-the-
art molecular catalysts ( Table 1 , entries 31–39). 108 Experimental
and computational mechanistic investigations showed that the
role of the amines is to act as proton shuttles leading to the
formation of a key intermediate Mn-hydride species that enerates
formic acid after CO 2 insertion and an additional protonation. 

Introduction of local proton sources to molecular catalysts can
effectively enhance the selectivity and activity for electrochemical
CO 2 reduction. 4-phenyl-6-(1,3-dihydroxybenzen-2yl) −2,2 

′ -
bipyridine (dhbpy) ligand with a local proton source, and
4-phenyl-6-(1,3-dimethoxybenzen-2yl) −2,2 

′ -bipyridine 
(dmobpy) without local proton source were introduced into Mn
complexes respectively. 109 , 110 The complex Mn(dhbpy)(CO) 3 Br
( 48 ) ( Fig. 6 ; Table 1 , entriy 40), containing two −OH groups
in proximity to the Mn center, was reported to electrochemically
catalyze the reduction of CO 2 to CO, with a TOF similar to
that of complex 34 even in the absence of an external proton
source. 109 , 110 In contrast, the complex Mn(dmobpy)(CO) 3 Br
(49 ; Fig. 6 ) containing methoxy groups showed no activity under
the same conditions. These results demonstrate that local proton
source is significant to enhance the activity of CO 2 reduction.
Besides, Bocarsly and co-workers prepared MnBr(6-(2–hydroxy-
phenol) −2,2 

′ -bipyridine)(CO) 3 ( 50 ) containing a −OH group
and the counterpart ( 51 ) containing a methoxy group ( Fig. 6 ). 111

They found that 50 shows to produce CO efficiently in good
yield (76% in 4 h electrolysis) at 540 mV overpotential in
CH 3 CN/H 2 O (95:5) mixture ( Table 1 , entry 41). In the
presence of 5% water as the proton source, they observed that the
hydroxyphenol derivative 50 shows increased current density
and product yields when compared to the methoxy derivative 51
( Table 1 , entry 42), further confirming the effect of local proton
source on CO 2 electrochemical reduction. The Kubiak group
later succeeded in attaching the κ3 -tpy and κ2 -tpy ligand with
Mn 

I to form complex 52 and 53 ( Fig. 6 ), respectively. 112 Both
52 and 53 exhibited moderate activity for CO evolution and
selective CO production ( Table 1 , entries 43–44). The κ2 -tpy of
complex 53 evolved to bond with CO ligand (perhaps forming
the κ3 -complex in situ), resulting in an abnormal FE(CO)
value of 129%. These two complexes exhibit good activity for
the electrocatalytic CO 2 reduction, whereas the competing
degradation pathways limit their overall efficiency. This anomaly
reminds researchers of paying attention to the catalyst stability. 

Very recently, a water-soluble Mn polypyridyl complex
[Mn 

I (bpy(COOH) 2 )(CO) 3 Br] ( 54 ; (bpy(COOH) 2 ) = 4,4 

′ -
dicarboxy-2,2 

′ -bipyridine; Fig. 6 ) was reported as an efficient
electrocatalyst for CO 2 reduction. 113 Although the introduction
of electron-w ithdraw ing carboxylic groups did shift the reduction
potentials of complex 54 in CH 3 CN positively when compared
with the unmodified bpy complex 34, 54 exhibited similar
catalytic efficiency in CH 3 CN/H 2 O (95:5) electrolyte to the
parent 34 . 113 Bocarsly and co-workers systematically studied the
effect of the substituent in the 4,4 

′ -postions of bpy on the catalytic
CO 2 reduction. They synthesized several complexes of bpy with
different substituents in the 4,4 

′ -postions ( 35, 36, 54 , and 55a-
13 
55d ; Figs. 5 and 6 ). 114 They found that these complexes with
different aliphatic substituent has similar catalytic performance
for CO 2 electroreduction, and increasing the steric bulk at the
4,4 

′ -positions is an effective way to inhibit the formation of
deactivated dimer, which improved the electrocatalytic CO 2 
reduction efficiency. 95 , 114 They further designed a cyanide-
bridged dinuclear Mn complex ([Mn(bpy)(CO) 3 ] 2 ( μ-CN)) + 

( 56 ) which is both electrocatalytic and photochemically active
for CO 2 reduction to CO. Compared to the mononuclear
complex [Mn(bpy)(CO) 3 CN] ( 57 ) ( Table 1 , entry 46), 56 is
more efficient for CO 2 electroreduction using H 2 O as a proton
source ( Table 1 , entry 45). 115 , 116 In addition, Bocarsly and co-
workers also studied 1,10-phenanthroline- or bipyrazine-based
complexes fac -[MnX-(N 

–N)(CO) 3 ] ( 58–60 ; Fig. 6 ) for CO 2
reduction. However, these complexes are nearly completely
ineffective for catalytic CO 2 reduction as they are electronically
deficient. 114 

Compared with Mn complexes, other non-noble-metal
complexes of polypyridine ligands used for electrocatalytic
CO 2 reduction are sporadically reported. In 1995, Che,
Wong and co-workers found that quaterpyridine-based
complexes [Ni(qtpy)(CH 3 CN) 2 ](ClO 4 ) 2 ( 61) and
[Co(qtpy)(H 2 O) 2 ](ClO 4 ) 2 ( 62) (qtpy = 2,2 

′ :6 

′ ,2 

′ ′ :6 

′ ′ ,2 

′ ′ ′ -
quaterpyridine; Fig. 7 ) can electronically catalyze CO 2 
reduction. 117 62 displays high activity and selectivity for CO 2 -
to-CO reduction in CH 3 CN at −2.08 V vs Fc + /Fc, with an
FE of 80% ( Table 1 , entry 48). However, a film was rapidly
formed on the glassy carbon surface electrode followed by a
large decrease of CO production. In contrast, no film formation
on the electrode was observed 61 . Its catalytic activity towards
CO 2 reduction is much worse than that of 62 ; only trace amount
of CO was observed after CPE at −2.08 V vs Fc + /Fc for one
hour ( Table 1 , entry 47). In 2018, Robert, Lau and co-workers
showed that the electrocatalytic reduction of CO 2 into CO by 62
could occur through two different mechanisms, depending on
the presence of phenol (PhOH) in the solution. 118–120 Besides,
they found that 62 and [Fe II (qtpy)(H 2 O) 2 ](ClO 4 ) 2 ( 63 )
feature high selectivity and low overpotential in proton-assisted
electrochemical CO 2 reduction to CO in acetonitrile solution
( Table 1 , entries 49 and 50). For 62 , the two-electron reduced
species activates CO 2 in the presence of PhOH, whereas for
63 , the one electron-reduced species Fe I qtpy can efficiently
bind CO 2 to form the Fe II qtpy CO 2 

. − adduct which then
experiences a one-electron reduction followed by C −O bond
cleavage in the presence of a weak acid. 118 , 121 Then, they further
reported an efficient hybrid system comprising another Co
quaterpyridine complex [Co(qpy)](Cl) 2 ( 64 ) associated to the
multi-walled carbon nanotubes. 122 With this hybrid system, the
conversion of CO 2 to CO was achieved in water at neutral pH
with 100% selectivity and 100% FE at low catalyst loading and
with low overpotential ( Table 1 , entry 51). A current density
9.3 mA cm 

−2 could be sustained for 4.5 h at only 340 mV
overpotential. 

In 2014, a terpyridine Ni complex 65 developed by Artero
and co-workers also shows activity for electrocatalytic CO 2 -to-
CO conversion in DMF/H 2 O medium, in spite of relatively low
FE(CO) ( Table 1 , entry 52). 123 , 124 Very recently, Reisner and co-
workers modified the structures of complex 65 by using different
functional groups ( 65–68 ; Fig. 7 ; Table 1 , entries 53–56). 125 , 126

It was found that 65 and 68 display high selectivity for CO 2 -
to-CO conversion in CH 3 CN/H 2 O ( v : v = 3:1), with over 95%
selectivity in the first hour electrolysis. Besides, 65–68 were more
efficient in CH 3 CN/H 2 O than in dry DMF. 123 Four terpyridine
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 7. Fe/Co/Ni complexes based on polypyridines as molecular electrocatalysts for CO 2 reduction. 
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(  
o complexes ( 69–73 ; Fig. 7 ) have been reported as electrocat-
lysts for CO 2 reduction to CO while H 2 was simultaneously
roduced from the requisite proton source. 127 , 128 Tuning the
 2 :CO ratio was available through ligand modification ( Table 1 ,

ntries 57–61). Different substituents, including w ithdraw ing
nd donating groups, were attached to para positions to the
itrogen that binds with the metal centers. The electrochemical
esults showed that complexes with more donating groups favor

ore to proton reduction reaction. 127 , 129 

There are limited reports on Cu-polypyridyl complexes as
lectrocatalysts for CO 2 reduction. Durand and co-workers
eported that cyclic voltammograms of [Cu(phen) 3 ] 2 + ( 74 ) in

MSO exhibit cathodic current enhancement under CO 2 at
1.96 and −2.12 V vs Fc + /Fc, respectively. 130 They defined

he catalytic mechanism as CO 2 reduction induced by ligand
eduction. Based on this work, Costamagna reported a similar
ehavior of Cu complexes of hexaaza-macrocyclic ligands derived

rom the condensation of bipyridines [Cu(hamc-bpy)] 2 + ( 75 )
nd phenanthrolines [Cu(hamc-phen)] 2 + ( 76) , but no product
as detected. 131–134 Another Cu complex, [Cu(tpy) 2 ] 2 + ( 77 )

or electrocatalytic CO 2 reduction was similarly assessed and
lectricity current increase was detected under CO 2 , along with
resence of deposition on carbon electrodes. 123 This observation

s similar to electrocatalytic CO 2 reduction to formate by
u-based electrodeposited materials and Cu electrodes. 135–139 

learly, a proper ligand that could prevent the corresponding
u(II) complex from Cu depositing is necessary for developing
u(II) molecular electrocatalysts. 
Besides the above-mentioned metals, other non-noble metals

f polypyridyl ligands have also shown activity for electrocatalytic
O 2 reducton, 55 , 56 , 140–142 which have been detailedly summa-

ized in some reviews. 5 , 53 

etal complexes with porphyrin and porphyrin-like 

igands 
ne of the most thoroughly investigated families of molecular

atalysts for CO 2 reduction is iron porphyrins. 26 , 36 , 48 , 143 , 144 

lthough a porphyrin ligand is a part of macrocyclic one,
e want to give it special attention due to its extensive use

n molecular catalyst construction. Substituent effiects on cat-
lyzing the electrochemical CO 2 reduction by Fe tetraphenyl-
orphyrins have been thoroughly investigated. Derived from Fe
14 
etraphenylporphyrin 78 ( Fig. 8 ), complexes 79–83 are a type
f very active electrocatalysts for the CO 2 -to-CO conversion.
irstly, 78 was reported to catalyze the electrochemical CO 2 

eduction at the Fe I /Fe 0 redox potential (1.17 V vs Fc + /Fc) in
MF. 145 , 146 However, the catalytic efficiency was very low and

he catalytic activity of 78 was rapidly lost during preparative-
scale electrolysis. The presence of weak Brönsted acids or Lewis

cids can improve the catalytic efficiency of 78 ( Table 1 , entry
2). 147 In 2012, Costentin and co-workers introduced phenolic
roups on the phenyl groups of Fe tetraphenylporphyrin, the re-
ulting Fe 5,10,15,20-tetrakis(2 

′ ,6 

′ -dihydroxyphenyl)porphyrin
omplex ( 79 ; Fig. 8 ) showed extremely enhanced electrocatalytic
fficiency for CO 2 reduction to CO, with a CO faradaic yield of
4% after electrolysis at −1.88 V vs Fc + /Fc for 4 h ( Table 1 ,
ntry 63). 36 The average current density was 0.31 mA cm 

−2 

t an overpotential of 466 mV. When the hydroxy groups in
9 were replaced by methoxy groups, the catalytic activity of
btained complex 80 ( Fig. 7 ) decreased compared with that of
9 ( Table 1 , entries 64–65). 36 Therefore, the enhanced catalytic
ctivity of 79 can be attributed to the high local concentration
f protons supplied by the phenolic hydroxy substituents. 36 The
repositioned –OH groups play roles of H-bonding substituents

o stabilize the Fe 0 -CO 2 adduct and proton donors (or proton
elays) to form protonated intermediate. With enough strong
tabilization of the intermediate protonated adduct, the second
lectron transfer could take place before C −O bond cleavage. It
s worthy to point out that the Cu complexes based on the same
orphyrin derivatives can not act as molecular electrocatalysts

or CO 2 reduction, as they transform into Cu nanoparticles
nto the electrode during the electrolysis. 148 , 149 These examples

urther demonstrate that preventing Cu(II) complexes from
u depositing is necessarry for developing Cu(II) molecular

lectrocatalysts. It also reminds researchers of paying more
ttention to Cu(II)-based molecular electrocatalysts to identify
he real active species. 

In addition, modification of 79 with the electron-w ithdraw ing
ubstituents on phenyl groups is also an effective way to improve
he catalytic efficiency. The strong inductive effect of electron-
 ithdraw ing substituents can significantly move the catalytic
ave toward positive potentials. For example, introduction of
0 fluorine atoms on 2 phenyl rings of porphyrin complex 81
 Fig. 8 ) led to higher TOF at even more positive potentials, with
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 8. Fe complexes based on porphyrin ligands as molecular electrocatalysts for CO 2 reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 70 mV anodic shift of the Fe I /Fe 0 redox standard potential
of 79 ( Table 1 , entries 66–67). 150 Furthermore, by introducing
four charged trimethylanilinium groups in para - or ortho -position
of the phenyls, the obtained 82 and 83 ( Fig. 8 ) exhibited
unprecedented catalytic efficiency in the presence of a large con-
centration of PhOH. The electro-w ithdraw ing inductive effect of
the four trimethylanilinium groups at the para positions of 82 is
responsible for the significant positive shift of E 

0 ( E 

0 = −1.663 V
vs Fc + /Fc, 165 mV more positive than 78 ) ( Table 1 , entry 68). 27

This effect is even stronger when the trimethylanilinium groups
are placed at the ortho positions in complex 83 ( E 

0 = −1.344 V vs
Fc + /Fc, 484 mV more positive than 78 ). At −1.664 V vs Fc + /Fc,
83 exhibits excellent catalytic performance of electrochemical
reduction CO 2 to CO, with a FE of 100% ( Table 1 , entry
69). 27 More importantly, the catalyst is highly stable in catalytic
conditions, showing no significant decrease in CO selectivity
after electrolysis more than 80 h in DMF with 3 mol/L PhOH. 27 

The high stability of 83 probably comes from the stabilization of
the initial Fe 0 -CO 2 adduct by interactions between the negative
charges of oxygen atoms of CO 2 in the adduct and the positive
charges of the trimethylanilinium substituents on the porphyrin
phenyls. 

Besides single Fe porphyrin, Fe porphyrin dimers were also
designed and modified ( 84–89 ; Fig. 9 ; Table 1 , entries 70–75). 151

All of them can efficiently and selectively electrocatalyze CO 2 -
to-CO conversion with high TOFs. The overpotential and TOF
can be improved by the introduction of electronically different
substituents to the porphyrin peripheral positions. Introduction
of electron-w ithdraw ing perfluorophenyl substituents to the meso
positions of the dimer 84 reduces overpotential of ca. 300 mV
compared with that of 88 with electron-donating mesityl groups.
Control experiments demonstrated that the high performance
of CO 2 -to-CO conversion using these catalysts is due to the
presence of dinuclear Fe centers at a suitable Fe-Fe distance.
In general, the introduction of electron-w ithdraw ing groups on
catalysts promotes the positive shifts of their reduction potentials
and consequently decreases the overpotential of the reaction.
15 
Therefore, the Fe porphyrin dimers are arranged in the following
order with respect to their overpotential for the CO 2 to CO
conversion: 84 < 89 < 85 < 86 < 87 < 88 . 151 However, this
electron-w ithdraw ing effect also causes the decrease of electron
density at the active center, which sacrifices their nucleophilic
activities and leads to the decrease of TOF, and vice versa.
Thus, 88 with electron-donating mesityl groups on the porphyrin
rings shows high TOFs in spite of high η value. Herein, it can
be concluded that low overpotential and high TOF by elec-
tronic tuning is not compatible. 151 Besides the influence of the
electron-w ithdraw ing/donating effect of different substituents on
porphyrin ligands, the Fe-Fe separations induced by the steric
hindrance of different substituents should also be considered as a
possible factor that influences the electracatalytic CO 2 reduction
activity. 

Other metal complexes with porphyrin-like ligand such as
Ni- and Co-phthalocyanine ( 90 and 91 ; Fig. 9 ) have also been
found electrochemically active to catalyze CO 2 reduction. 152 , 153 

In 2017, Wang and co-workers explored a combination of
nanoscale and molecule approach to construct hybrid material
91 as efficient and selective catalysts for electrocatalytic CO 2 
reduction to CO. 154 On the nanoscale, 91 are uniformly anchored
on carbon nanotubes to afford substantially enhanced catalytic
performance, with a FE CO 

of 92% ( Table 1 , entry 76). The
catalytic performance is further improved by employing the mod-
ified Co-phthalocyanine 92 ( Fig. 9 ) with electron-withdrawing
cyano groups appended to the phthalocyanine macrocycle. The
resulting hybrid catalyst exhibits 96% FE for CO production
with a current density of 15.0 mA cm 

−2 at 520 mV in a near-
ne utral aqueous solution ( Table 1 , entry 77). 154 Based on this
outstanding performance of 92 , Wang and co-workers developed
alkaline microflow electrolytic cells with 92 , which can perform
selective, durable and efficient CO 2 reduction to CO or HCOO 

−
at low voltages. 155 92 and SnO 2 nanoparticles can supported on
carbon nanotubes as cathode electrocatalysts for CO 2 reduction
to CO and HCOO 

−, respectively. It was reported that the CO-
selective cell starts to operate at an overpotential of 260 mV
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 9. Fe/Cu/Ni/Co complexes based on porphyrin and porphyrin-like ligands as molecular electrocatalysts for CO 2 reduction. 
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nd reaches a FE of 94% ( Table 1 , entry 78). With a SnO 2 -
ased cathode, the HCOO 

−-selective cell starts to operate at
n overpotential of 760 mV and reaches a FE of 82% ( Table 1 ,
ntry 79). 155 In 2019, Robert and co-workers reported a new Co-
hthalocyanine 93 ( Fig. 9 ) bearing a trimethyl ammonium moi-
ty and three tert–butylgroups appended to the phthalocyanine
acrocycle. They found that the co-immobilization of 93 into

orous films of carbon black powder or carbon nanotubes on
 carbon paper cathode can efficiently electrocatalyze the CO 2 -
o-CO conversion in water over a broad pH range of 4–14. In a
ow cell configuration operating in basic conditions (pH = 14),
O production occurs w ith good selectiv ity (ca. 95%), and good

tability, with a maximum partial current density of 165 mA cm 

−2 

at −2.15 V vs Fc + /Fc) ( Table 1 , entry 80). 156 

The single metal porphyrin can be connected together to
orm 3D framework material as heterogeneous electrocatalysts
or CO 2 reduction. 39 , 157–160 In 2015, Zhang, Diercks, and
in et al. designed a covalent organic framework (COF)
y the condensation of Co porphyrin precursor 94 with
,4-benzenedicarboxaldehyde. 159 , 160 The obtained catalyst 95
 Fig. 10 ) displays high activity, selectivity and stability for
lectrochemical reduction of CO 2 to CO in pH 7.3 water solution,
ith an initial TOF of 56.3 h 

−1 . The FE(CO) reaches as high
s 90% after electrolysis for 24 h ( Table 1 , entry 82). 95 shows
 substantial improvement over the precursor 94 which has an
nitial TOF of 33.1 h 

−1 under the same conditions ( Table 1 ,
ntry 81). It is reasoned that a larger pore size would allow
igher capacity of CO 2 adsorption inside the framework as
ell as higher electrochemical and chemical accessibility of the

atalytic Co porphyrin active sites. Based on this knowledge, an
nalog of 96 ( Fig. 10 ) by replacing 1,4-benzenedicarboxaldehyde
ith biphenyl-4,4 

′ -dicarboxaldehyde was designed. As expected,
6 exhibits improved catalytic efficiency compared with 95 ,
ith FE(CO) of 91% ( Table 1 , entry 83). 159 These results

ndicate that lattice expansion allows more efficient exposure of
he electroactive sites to the substrate molecules. Besides, X-ray
bsorption data showed that the COF framework can directly
16 
nfluence the electronic structure of the catalytic Co centers in a
anner similar to redox noninnocent ligand behavior observed in
olecular systems. This effect greatly contributes to the increase

f reaction selectivity and activity and is beyond the steric effects
f surface area and site isolation. Recently, Chang et al. designed
 porous organic cage ( 97 ; Fig. 11 ) for electrochemical CO 2 -
o-CO conversion, which is composed of six molecular catalysts
8 . 39 The porous architecture of 97 results in a larger amount of
xposed electroactive iron centers compared with the monomeric
ounterpart 78 , which facilitates CO production with superior
ate, current density, and stability. It was found that 97 exhibits a
OF of 0.64 s −1 after electrolysis for 24 h in 0.5 M KHCO 3 water

olution ( Table 1 , entry 84). 39 In contrast, 78 attained a lower
OF of 0.38 s −1 after 24 h under the same conditions ( Table 1 ,
ntry 85). 39 

For metal-porphyrin molecular electrocatalysts with bad
olubility, coating them on electrodes or other supports can
xtend their catalytic functions. 152 , 155 , 161–169 The tetraphenyl
o porphyrin ( 98 ; Fig. 12 ) was deposited at a carbon black

as diffusion electrode, which produces CO with 97% FE at
1.40 V vs Fc + /Fc under 20 atm of CO 2 in 0.5 M KHCO 3 

olution ( Table 1 , entry 86). More recently, a Co-porphyrin-
ike complex ( 99 ; Fig. 12 ) adsorbed onto carbon nanotubes can
lso electrochemically reduce CO 2 , with the FE(CO) of 80%,
nd TOF of 39.3 h 

−1 at 700 mV overpotential ( Table 1 , entry
7). 170 Besides, a Co protoporphyrin ( 100 ; Fig. 12 ) adsorbed
nto pyrolytic graphite can produce CO even at high acidity
f pH 3 under 10 atm of CO 2 , with a 50% FE and 500 mV
verpotential ( Table 1 , entry 88). At pH 1, 2.3% FE of CH 4 
as also obtained ( Table 1 , entry 89). 162 , 171 Very recently, a
yrene-derivatized Fe triphenylporphyrin 101 ( Fig. 12 ) derived

rom 79 was adsorbed on multiwalled carbon nanotubes via non-
covalent interactions. The modified carbon material is able to

atalyze CO 2 -to-CO conversion at low overpotential in neutral
H unbuffered water solution. 37 After optimization, CO was

ormed with a high selectivity (CO/H 2 = 92:8) and an excellent
otal faradaic yield (97%; Table 1 , entry 90). 
DOI: 10.1016/j.enchem.2020.100034 
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Fig. 10. Co porphyrin and the derived COFs as electrocatalysts for CO 2 reduction. 

Fig. 11. Fe porphyrin 78 and the derived cage 97 catalyst used for electrochemical CO 2 reduction. Reproduced with permission. 39 Copyright 2018, 
Wiley-VCH. 

Fig. 12. Metal porphyrins and their derivatives/analogues as CO 2 electrocatalysts. 
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Fig. 13. Co/Ni complexes based on nonplanar N 4 ligands as molecular electrocatalysts for CO 2 reduction. 
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etal complexes with nonplanar N 4 ligands 
etal complexes supported by nonplanar N 4 ligands always

isplay trigonal bipyramidal geometry or cis -octahedral coor-
ination geometry, in which the axial coordination site always
ombines with a solvent molecule. The solvent molecule can
e easily disociated, generating unsaturated coordination site

or CO 2 activation and transformation. 172–174 Thus, metal com-
lexes supported by nonplanar N 4 ligands are potential catalysts

or CO 2 reduction. Recently, our group developed four Co
omplexes with nonplanar tetradentate N 4 tripodal ligands for
O 2 -to-CO conversion ( 102–105 ; Fig. 13 ). 175 It was found that

eplacing pyridyl groups in the ligand with quinolyl groups one
y one led to positive shifts of the Co 

II/I reduction waves (from
1.72 to −1.54 V vs Fc + /Fc), which indicates the increasingly

asier Co 

II/I reduction and better catalytic activity. This positive
hift can be attributed to the weaker basicity 27 of quinolyl group
han pyridyl group. The Co 

II center surrounded by quinolyl
roups possesses a lower electron density and is easier to undergo
o 

II/I reduction than the one surrounded by pyridyl groups. 102,
03 and 104 can achieve 72% −84% FE and over 90% selectivity

or CO evolution ( Table 1 , entries 91–93). 175 For 105 , though
he CPE showed poor FE (41%) ( Table 1 , entry 94) for CO
ormation presumably because the bulky ligand sterically impedes

O 2 binding to Co 

I center, 105 is sti l l able to convert CO 2 to
O at a very low reduction potential of −1.54 V vs Fc + /Fc. The

esult indicates that the introduction of less basic group into the
atalytic center is an effective strategy to enhance the electro-
atalytic performance for CO 2 reduction. Furthermore, with the
ddition of water, the overpotentials of complexes 102 to 105
or electrocatalyzing CO 2 reduction can be further reduced, 175 

chieving 260 and 200 mV for 104 and 105, respectively.
hese values are lower than those of most reported molecular

lectrocatalysts. 12 , 36 , 96 , 176 This significant decrease demonstrates
he importance of proton source on electrocatalytic performance.
hen we further designed and synthesized a tripodal complex

Ni II (Me 3 NTB)(CH 3 CN) 2 ](BF 4 ) 2 ( 106 ; Me 3 NTB = tris(N-
ethylbenzimidazol-2-ylmethyl)amine; Fig. 13 ). We found that

06 can not only homogeneously electrocatalyze CO 2 reduction,
ut also electrocatalyze H 2 O reduction, to produce syngas with
ifferent CO/H 2 ratio ( Table 1 , entry 95). After compared with

he catalytic performance of four other Ni(II) complexes based
 n

18 
n nonplanar N 4 ligands structural ly simi lar to NTB, we found
hat the good catalytic performance of 106 , including the activity
nd robustness, is closely related with the redox innocence of
TB ligand. 177 

etal complexes with N-heterocyclic carbene ligands
ased on previous work on Ni macrocyclic complexes that

howed high selectivity for activating CO 2 over H 2 O under
eductive electrocatalytic conditions, 10 , 58 Chang and co-workers
easoned that planar, electron-rich systems with a d z2 -based nu-
leophile could provide a promising platform for CO 2 reduction.
hey found that N-heterocyclic carbene ligands can be used to

onstruct metal complexes for electrochemical CO 2 reduction
nd prepared a series of Ni N-heterocyclic carbene complexes
s CO 2 reduction electrocatalysts. 28 , 178 In 2011, three Ni com-
lexes ( 107–109 ; Fig. 14 ) based on tetradentate N-heterocyclic
arbene-pyridine ligands were synthesized. 178 Extension of alkyl
inkers in the ligand enhances the catalytic performance of
orresponding Ni complexes for CO 2 reduction, yielding a more
ositive catalytic potential and a higher TOF during CPE (TOF
f 3.9, 4.2 and 5.9 h 

−1 for 107, 108 and 109 , respectively)
 Table 1 , entries 96–98). This relationship is attributed to the
tructural flexibility of the Ni complex provided by the extended
inkers, which enable a more distorted tetrahedral geometry
n d 

9 Ni I species and thus facilitate reduction events. 178 Then
n 2013, Chang and co-workers expanded the π conjugation
ystem of the ligand and discovered that the extended conjugation
t appropriate location enhances the catalytic performance of
he corresponding Ni complexes ( 110–114 ; Fig. 14 ). 28 By
ystematically tuning the location and type of conjugations in
10–114 , Chang and co-workers found that N-heterocyclic
arbene-isoquinoline complex 110 , in which pyridyl groups were
eplaced with isoquinolyl ones, has the lowest overpotential at
 onset = −1.58 V vs Fc + /Fc for electrochemical CO 2 reduction.
10 also achieves a FE(CO) of 90% in dry CH 3 CN electrolyte for
0 min of CPE. However, when CPE duration extended to 8 h,
E(CO) decreased from 90% to 22% ( Table 1 , entry 99). Less

han 1 μmol of CO was yielded after electrolysis in a 0.02 mM
f electrocatalyst at a glassy carbon electrode, which was ascribed

o re-oxidation of accumulated products at the counter electrode.
ow reactivity and stability of these Ni complexes thus triggered
eeds for improvement by ligand modification. 
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 

https://doi.org/10.1016/j.enchem.2020.100034


EnergyChem REVIEW 

Fig. 14. Ni complexes based on N-heterocyclic carbene ligands as molecular electrocatalysts for CO 2 reduction. 

Fig. 15. Ni complexes based on N-heterocyclic carbene ligands as molecular electrocatalysts for CO 2 reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A case of selectivity enhancement by ligand modification
was achieved for Ni complexes ( 115–117 ; Fig. 15 ). 179–181 CPE
of each complex was carried out in CO 2 -saturated CH 3 CN
solutions containing 2% H 2 O. 179 115 supported by a non-
macrocyclic ligand gave a FE of 93% for H 2 and only 5% for
CO ( Table 1 , entry 100), whereas the less rigid 16-membered
macrocyclic complex 116 exhibits moderate selectivity for both
CO (56%) and H 2 (43%) ( Table 1 , entry 101). 179 On the other
hand, the 15-membered macrocyclic complex 117 gives high
selectivity for CO 2 reduction to CO with a FE of 87% at an
applied potential of 2.44 V vs Fc + /Fc ( Table 1 , entry 102). 

Hollis et al. reported that a CCC 

–NHC pincer Ni complex
( 118 ; Fig. 15 ) could electrochemically catalyze CO 2 reduction
to CO efficiently. 182 A TOF of 10 s −1 in the absence of water
was estimated from cyclicvoltammetry measurements ( Table 1 ,
19 
entry 103). To probe the influence of Cl − in 118 , the Cl −
was replaced with acetonitrile. The resulting complex ( 119 ;
Fig. 15 ) are also active for electrochemical CO 2 reduction,
yielding a TOF of 3 s −1 ( Table 1 , entry 104). However, complex
119 could not be served as a suitable counterpart, as 118 is
neutral while 119 is cationic. 182 It deserves to be mentioned
that the catalytic rate of 119 is 2 times higher than that of the
CNC 

–Ni complex 120 

183 ( Table 1 , entry 105) supported by
a carbene-pyridine-carbene ligand, also v iv idly demonstrating
the significance of the ligand modification. Recently, another
two charged bis(N-heterocyclic carbene) pincer Ni complexes
121 and the corresponding dicationic acetonitrilo species 122
( Fig. 15 ) were designed and used for electrochemical CO 2 
reduction. 184 For 121 , electrolysis was performed at −1.90 and
−2.25 V vs Fc + /Fc, yielding little CO in the headspace gas (2%
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 16. Mn complexes based on N-heterocyclic carbene ligands as molecular electrocatalysts for CO 2 reduction. 
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nd 4%, respectively) and a FE of 60% for H 2 and CO combined
 Table 1 , entries 106–107). In the case of 122 , the overall FE
or gas production increased to nearly unity, but also yielded low
atios of CO in the produced gas, with 4% and 2% at −2.00 and

2.35 V vs Fc + /Fc, respectively ( Table 1 , entries 108–109). 184 

Asymmetric ligands deviated from the traditional 2,2-bipyridyl
igand scaffold were also utilized for designing CO 2 reduction
lectrocatalysts. The N-methyl-N’-2-pyridyli midazol-2-ylidine
Me-impy) and N-methyl-N’-2-pyridylbenzi midazol-2-ylidine
Me-bimpy) ligands were two typical ones firstly reported by
garwal and co-workers. 185 Their Mn complexes ( 123 and 124 ;
ig. 16 ) exhibit selective CO formation in CH 3 CN electrolyte
ontaining 5% H 2 O albeit with poor FE(CO) ( < 35%) ( Table 1 ,
ntries 110–111). To counter the strong electron donation
nfluence of NHC ligand, Agarwal and co-workers later replaced
yridine with the more π -acidic pyrimidine ring to get complex
26 ( Fig. 16 ). This leads to a 160 mV positive shift in catalyst acti-
ation relative to 125 ( Table 1 , entry 112), which results in an im-
rovement in CO production (FE(CO) = 72%) ( Table 1 , entry
13). 186 In 2018, using methylene bis(N-methylimidazolium),
oyo, Lloret-Fi l lol, and co-workers developed a bis-NHC Mn(I)-
ased electrocatalyst (127 ; Fig. 16 ). 187 The strong electron
onating character of two NHC coordination sites enables the
oncerted 2-electron reduction potential shift more negative to

2.30 V vs Fc + /Fc, a shift of approx −0.3 V vs Fc + /Fc relative to
23 . Although 127 has a higher overpotential for electrochemical
O 2 reduction, its greater nucleophilicity eliminates the need

or an added Brønsted acid, resulting in a peak catalytic current
n anhydrous CH 3 CN with an impressive TOF max of 14 h 

−1 . 187 

PE conducted at −2.32 V vs Fc + /Fc gave rise to a current
ensity of 2.5 mA cm 

−2 with FE(CO) of 92% after 4 h ( Table 1 ,
ntry 114). In-situ IR-SEC electrocatalysis studies confirmed the
ormation of HCO 3 

−/CO 3 
2 − and identified the tetracarbonyl

Mn (bis- Me NHC)(CO) 4 ] + intermediate. Addition of H 2 O to
he electrolyte resulted in a linear increase in the catalytic current
esponse from 0.09 to 0.56 M H 2 O, with an exceptional TOF
f 2.5 h 

−1 for 127 in CH 3 CN in the presence of 0.56 M H 2 O.
ighly-selective CO formation (FE(CO) = 98%; Table 1 , entry

15) was achieved by CPE conducted at −2.32 V vs Fc + /Fc
n the presence of 0.22 M H 2 O for more than 6 h. 187 It is also
oteworthy that the catalytic current dropped dramatically with
igher concentrations of H 2 O over 0.56 M. 

etal complexes with phosphine/sulfur/bridging 

igands 
part from the aforementioned ligand modification, phosphine,

ulfur, and bridging ligands were also employed to construct
olecular catalysts for CO 2 reduction. In the early stage of

lectrocatalysis of CO 2 reduction using molecular catalysts,
ubiak and co-workers reported a series of Ni complexes
ith phosphine ligands for electrocatalytic CO 2 reduction
20 
n the 1980s and 1990s. 188–190 They found that a cradle-
ike dinuclear Ni complex [Ni 2 ( μ-CNCH 3 )(CNCH 3 ) 2 ( μ2 -

dppm) 2 ] ( 128 ; dppm = bis(diphenylphosphino)methane;
ig. 17 ) could catalyze the electroreduction of liquid CO 2 to CO
t approximately −1.32 V vs Fc + /Fc ( Table 1 , entry 116). 189 

3 C isotope labeling experiments confirmed the CO 2 -to-CO
onversion. However, further catalytic reaction was hindered
ecause the dinuclear Ni complex captured the evolved CO to
ield a Ni 2 ( μ-CO)(CO) 2 ( μ2 -dppm) 2 species. Then, an iodine-

capped trinuclear Ni complex, [Ni 3 ( μ3 -I)( μ3 –CNCH 3 )( μ2 -
dppm) 3 ]PF 6 ( 129 ; Fig. 17 ), was synthesized and used for

lectrochemical CO 2 reduction. 190–192 The electrocatalytic
esults show that the transformation of CO 2 in anhydrous

MF proceeds via a reductive disproportionation process,
ielding CO and CO 3 

2 − as the predominant products. With
ddition of proton reagent to the system, the dominant
roduct changes to HCOO 

−. More recently, another series
f dinuclear Ni complexes, [Ni 2 ( μ-CNR)(CNR) 2 ( μ2 -dppa) 2 ]
 R = methyl ( 130 ), n –butyl ( 131 ), and 2, 6-(CH 3 ) 2 C 6 H 3
 132 ); dppa = bis(diphenylphosphine)amine; Fig. 17 )
ere designed and synthesized for electrocatalytic CO 2 

eduction. 188 , 193 , 194 In these complexes, 131 is an efficient
lectrocatalyst for CO 2 reduction to CO, achieving a TOF of
.1 s −1 ( Table 1 , entry 117). 

Besides Ni complexes, Mn, Cu and Co complexes of phosphine
igands were also developed as CO 2 reduction electrocata-
ysts. 195–204 Mn 

I complex with a planar coordinating triden-
ate PNP ligand ( 133 ; Fig. 17 ) was recently synthesized and
tudied. It shows excellent selectivity for CO production (close
o 100%) in dry CH 3 CN during electrolysis of more than
 h at 960 mV overpotential ( Table 1 , entry 118). 195 , 196 The
resence of carbonate indicates the reductive disproportionation
f CO 2 . Unexpectedly, the catalytic activity dropped when 5%
ater was added to the solvent with concurrent H 2 evolution

41% FE upon 1.7 h electrolysis), suggesting a competitive
athway to CO 2 reduction ( Table 1 , entry 119). Kubiak
nd Haines also studied metal complex based on phosphine
igand for CO 2 reduction. They reported a dinuclear copper
omplex [Cu 2 (mPPh 2 bpy) 2 (CH 3 CN) 2 ] 2 + ( 134 ; PPh 2 bpy = 6-

diphenylphosphino-2,2 

′ –bipyridine; Fig. 17 ), which can catalyze
eduction of CO 2 to produce CO and CO 3 

2 − selectively ( Table 1 ,
ntry 120). 197–199 In addition, Artero, Derat and co-workers
eveloped a series of Co complexes ([CpCo(P 

R 
2 N 2 

R’ )I] + 135–
38 ; Fig. 17 ) based on diphosphine ligands (P 

R 
2 N 2 

R’ ). The two
endant amine residues in the ligands can act as proton relays
uring CO 2 reduction processes. These Co complexes show good
lectrocatalytic CO 2 reduction activ ity, w ith selective production
f HCOOH in DMF/H 2 O mixture (FE(HCOOH) of 90%) at
oderate overpotentials (500–700 mV) ( Table 1 , entries 121–

25). 200 , 201 Among four complexes [CpCo(P 

R 
2 N 2 

R’ )I] + , 135
ith the most electron-donating phosphine ligand (R = cyclo-
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 17. Complexes based on phosphine ligands as molecular electrocatalysts for CO 2 reduction. 

Fig. 18. Ni and Cu complexes based on sulfur ligands as molecular electrocatalysts for CO 2 reduction. Ni complex: Reproduced with permission. 205 . 
Copyright 2018, American Chemical Society; Cu complex: Reproduced with permission 34 Copyright 2010, A A AS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hexyl) and the most basic amine (R’ = benzyl) exhibits the best
catalytic activ ity, w ith a TOF of 23 h 

−1 or 15 h 

−1 in the presence
of 1.1 or 0.56 M water, respectively, after electrolysis at −2.25 V
vs Fc + /Fc for 1 h ( Table 1 , entries 121–122). 200 Mechanistic
studies and DFT simulation results revealed that amine groups
could stabilize the key intermediates through H-bonding with
water molecules during the process of hydride transfer from the
Co center to the CO 2 molecule. 

Inspired by CO-dehydrogenase, formate dehydrogenase,
[FeFe]- and [NiFe]-hydrogenases with the metal active sites
chelated by S atoms, 205–209 a Ni complex [Ni III (qpdt) 2 ] −
( 139 ; Fig. 18 ) with a quinoxaline-pyran-fused dithiolene ligand
(qpdt 2 −) was used as a electrocatalyst for CO 2 reduction. Using
a Hg/Au amalgam electrode, formic acid was found the main
product, with FE of 60% after 4 h electrolysis at −2.40 V vs
Fc + /Fc. Minor amounts of CO (19% FE) and H 2 (9% FE)
were also formed, giving a total FE of nearly 90% ( Table 1 ,
entry 126). 205 During the electrolysis, a complete reduction of
ligand qpdt 2 − first occurs, followed by the subsequent pyran
ring open to give the real active catalyst ([Ni II (L) 2 ] 2 −. 205 Then,
a Ni-hydride intermediate [Ni III (H)(L) 2 ] 2 − is formed after an
21 
one-electron reduction process of [Ni II (L) 2 ] 2 − and an addition
with H 

+ . 205 The [Ni III (H)(L) 2 ] 2 − species then reacts with
CO 2 , and the real electrocatalyst [Ni II (L) 2 ] 2 − was renewed after
the release of HCOO 

−. 205 Besides, Bouwman and co-workers
reported a dinuclear Cu(II) complex based on a sulfur ligand
([4] 4 + , 140 ; Fig. 18 ). 34 140 can catalyze the one-electron
reduction of CO 2 in CH 3 CN in the presence of LiClO 4 , to
produce lithium oxalate at −0.72 V vs Fc + /Fc ( Table 1 , entry
127). 34 , 210 The electrochemical reduction of [4] 4 + at a cathodic
peak potential ( E pc ) of −0.63 V vs Fc + /Fc produces a dinuclear
Cu(I) complex ([1] 2 + ) that is later oxidized in air selectively
by CO 2 to yield a tetranuclear Cu(II) complex containing two
bridging CO 2 -derived oxalate groups ([2] 4 + ). The treatment of
the Cu(II) oxalate complex in CH 3 CN with a soluble lithium
salt yields the initial [4] 4 + and results in the quantitative
precipitation of lithium oxalate. 34 DFT calculations suggest
that one CO 2 molecule is first reduced cooperatively by two
Cu(I) metals to give a fully delocalized mixed-valence Cu 

I /Cu 

II 

(CO 2 
. −) radical anion intermediate, which is further partial

reduction of metal-ligated CO 2 molecule and (metal-mediated)
nucleophilic-like attack on the carbon atom of an incoming
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 19. Photosensitizers (PSs) and sacrificial donors (SDs) usually used for photochemical CO 2 reduction. 

Fig. 20. Oxidative quenching and reductive quenching modes of PS ∗ in molecular photocatalytic CO 2 reduction systems. Reproduced with 
permission. 16 Copyright 2018, Elsevier. 
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PHOTOCATALYTIC CO  REDUCTION 

eside electricity, solar-driven CO 2 reduction has also attracted
xtensive research interests. This process can not only reduce the
O 2 concentration in atmosphere, but also achieve the transfer

nd storage of the solar energy. Many molecular catalysts with
igh-performance for electrochemical CO 2 reduction are also
fficient in photochemical CO 2 reduction. 11 Typically, molecular
hotocatalytic system for CO 2 reduction comprises a molecular
atalyst (CAT), a sacrificial electron donor (SD), and a molecular
hotosensitizer (PS) that can photochemically mediate the

ransfer of electrons from SD to CAT (see Fig. 19 ). 11 The
22 
rst step for photocatalytic CO 2 reduction is excitation of the
S to generate its lowest energy thermally equilibrated excited

tate (PS 

∗) under light irradiation. The excited PS 

∗ should
e sufficiently long-lived to facilitate a subsequent bimolecular
lectron-transfer reaction via two possible paths: oxidative
uenching and reductive quenching (see Fig. 20 ). In oxidative
uenching, the electron transfers from PS 

∗ to a CAT to generate
 PS 

+ and a CAT 

·− species. The PS 

+ then reacts with a SD.
he resulting CAT 

·− species further gives an electron to the
inding CO 2 molecule to form reduction product. To make

his electron-transfer reaction thermodynamically exergonic, the
 (PS 

+ /PS 

∗) reduction potential should be more negative than
he E (CAT/CAT 

·−) one. However, this is rare for CO 2 reduction
atalysts which generally have very negative reduction potentials.
n reductive quenching, the electron transfers from SD to PS 

∗ to
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Scheme 2. Proposed mechanism of photochemical reduction of CO 2 to CO by Tinnemans et al. Reproduced with permission. 24 Copyright 1984 Wiley- 
VCH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

generate a strong reductant PS 

·− and SD 

+ species. PS 

·− wi l l then
transfer one electron to CAT to produce CAT 

·− species. The re-
sulting CAT 

·− species further reduces the binding CO 2 molecule
to obtain corresponding reduction product. Similarly, to make
this electron-transfer reaction thermodynamically exergonic, the
E (PS 

∗/PS 

·−) redox potential of PS should be more positive
than the E (SD 

+ /SD) redox potential. The reductive quenching
mechanism is typically kinetically favored since the concentration
of SD is generally orders of magnitude greater than the catalyst
concentration. 16 Although reaction paths are different, the one
electron-reduced catalyst (CAT 

·−) is necessary in both systems.
In most cases, the CAT 

·− species is the active intermediate
for CO 2 binding and conversion. Therefore, the generation of
a reduced catalyst species (CAT 

·−) by photo-induced electron
transfer (PET) is critical for a photocatalytic system. 4 

Similar to catalysts in electrochemical systems, the reduced
CAT in photochemical systems need release a ligand and bind a
CO 2 molecule to form the corresponding CO 2 adduct. However,
there are some significant differences between two systems.
In electrochemical conditions, many highly reducing electrons
(with the same potential) are available from the electrode
interface to reduce CAT and the CO 2 adduct. However, in
photochemical systems, only one electron is transferred to the
CAT through a bimolecular electron-transfer reaction. A second
electron thus must be supplied by another source, such as the
second bimolecular electron-transfer reaction, the deprotonation
product of the oxidized SD (which is usually a strong reductant),
or another CAT that has been reduced through disproportion-
ation. Generally, the photochemical CO 2 reduction is likely to
be less efficient than the electrochemical method due to the
slow electron transfer. 11 Therefore, it is particularly significant
to accelerate the electron transfer between PS and CAT by
ligand design and modification. One point that needs to be
mentioned is that there is a difference between photocatalyst and
photosensitized catalyst. The former use light directly to perform
photochemical reactions, while the latter works on the basis of a
matched photosensitizer to absorb light. 

In this section, non-noble metal (Ni, Co, Mn, Fe, and Cu)
complexes for photocatalytic CO 2 reduction are discussed. We in
particular focused on ligand design and modification of catalysts
to improve their catalytic performance for photochemical CO 2 
reduction. We divide the non-noble metal molecular catalysts
into six major categories according to ligand types. The data
discussed below for photochemical CO 2 reduction were summa-
rized in Table 2 . 
 

23 
Metal complexes with macrocyclic ligands 
In 1984, Tinnemans et al. initially used three tetraazamacro-
cyclic Co complexes ( 1, 141 , and 142 ; Fig. 21 ) as CAT for
photocatalytic CO 2 reduction in aqueous solution (pH 4.0). 24 

[Ru(bpy) 3 ] 2 + and ascorbate were used as the PS and SD,
respectively. 1 and 141 showed higher CO selectivity (22%
for 1 and 32% for 141 , entries 1–2 in Table 2 ), but 142 are
unsatisfied (less than 1% CO; Table 2 , entry 3). The TON CO
was only 22 for 1 and 9.6 for 141 after irradiation for 18 h.
A mechanism was proposed that the excited [Ru(bpy) 3 ] 2 + is
reductively quenched by ascorbate to generate a more reducing
species [Ru(bpy) 3 ] + ( Scheme 2 , steps 1 and 2), which then
reduces [Co 

II L] (L = ligand of 1, 141 , and 142 ) to form an
active [Co 

I L] species (step 3). The [Co 

I L] species in protic
solvent then binds a proton to form a [Co 

III LH] − hydride (step
4), which then may undergo two different paths: reacting with
another proton to give H 2 (path a) or inserting a CO 2 into its
Co-H bond to release CO (path b). Finally, the resulting [Co 

III L]
is reduced to [Co 

II L] by reacting with an ascorbate (step 5).
The formation of [Co 

I L] and the corresponding [CoL(CO 2 )S]
(S = solvent) adduct in photocatalytic system was evidenced by
transient spectra reported later by Fujita and co-workers. [215–
218] 

Yanagida and Fujita et al. reported a CH 3 CN/CH 3 OH
photocatalytic system using Co-cyclam 143 and its derivatives as
the CAT ( Fig. 21 ), p -terphenyl as the PS, and TEA or TEOA as
the SD. 215 , 219–223 Irradiation with UV light ( λex > 290 nm)
over this system produced CO and HCOO 

− ( Table 2 , entries
5–11). For 143 , the system showed good selectivity for CO 2 
reduction and high quantum yield ( �(CO + HCOO −) = 25% with
λex = 313 nm, entry 4 in Table 2 ). However, the system suffered
from a limited TON (TON (CO+HCOO −) = 16.9). Yanagida,
Fujita and co-workers further investigated the structural effects
of macrocycles in 143 on its catalytic performance. They found
that partially unsaturated, 14-membered tetraazamacrocycles
with two or four C -methyl groups ( 141, 144, 145 ; Fig. 21 )
gave comparable activity for CO 2 reduction. 215 144 had the
most negative E 

0 (Co 

II /Co 

I ) and the system using 144 as
catalyst exhibited the best photocatalytic performance for CO 2 
reduction ( Table 2 , entry 6). However, catalysts ( 1, 146 ; Fig. 21 )
with more extensively C -methylated macrocycles had a large
decrease of catalytic activity for CO 2 reduction. Interestingly,
CO 2 photoreduction to CO is enhanced in the presence of TEOA
using 147 supported by the 14-membered tetraazamacrocycle
without N 

–H bond ( Fig. 21 ; Table 2 , entry 10). This implies that
DOI: 10.1016/j.enchem.2020.100034 
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Table 2. Non-noble metal (Ni, Co, Mn, Fe and Cu) complexes as molecular catalysts for photocatalytic CO 2 reduction. 

Entry CAT PS SD Solvent Light source, 
irradiation time 

Main Product 
(Yiel d / μmol, 
TON 

a ) 

TOF ( s − 1 ) �b (%) Selectivity c 
(%) 

Ref 

1 1 (80 μM) [Ru(bpy) 3 ] 2 + 
(0.5 mM) 

AscH 

− H 2 O (pH 4) daylight lamp, 18 h CO (26.4, 22) nr nr 22 (CO) 24 

2 141 (80 μM) [Ru(bpy) 3 ] 2 + 
(0.5 mM) 

AscH 

− H 2 O (pH 4) daylight lamp, 18 h CO (11.52, 9.6) nr nr 32 (CO) 24 

3 142 (80 μM) [Ru(bpy) 3 ] 2 + 
(0.5 mM) 

AscH 

− H 2 O (pH 4) daylight lamp, 18 h CO ( < 3.6, < 3) nr nr < 1 (CO) 24 

4 143 (1.7 mM) p -terphenyl 
(2 mM) 

TEOA CH 3 CN/MeOH 

(4:1 v / v ) 
Hg lamp (500 W 

high-pressure, λ > 

290 nm), 1 h 

CO (52.02, 10.2) 
HCOO 

− (34.17, 
6.7) 

nr 15 (CO) 
10 (HCOO 

−) 
λex = 313 nm 

nr 215 , 219 

5 143 (1.7 mM) p -terphenyl 
(2 mM) 

TEA CH 3 CN/MeOH 

(4:1 v / v ) 
Hg lamp (500 W 

high-pressure, λ > 

290 nm), 1 h 

CO (23.97, 4.7) 
HCOO 

− (11.73, 
2.3) 

nr nr 60.5 (CO) 
31.8 
(HCOO 

−) 

215 , 219 

6 144 (1.7 mM) p -terphenyl 
(2 mM) 

TEOA CH 3 CN/MeOH 

(4:1 v / v ) 
Hg lamp (500 W 

high-pressure, λ > 

290 nm), 1 h 

CO (27.03, 5.3) 
HCOO 

− (17.85, 
3.5) 

nr nr 51.6 (CO) 
34.4 
(HCOO 

−) 

215 , 219 

7 1 (1.7 mM) p -terphenyl 
(2 mM) 

TEOA CH 3 CN/MeOH 

(4:1 v / v ) 
Hg lamp (500 W 

high-pressure, λ > 

290 nm), 1 h 

CO (10.2, 2.0) 
HCOO 

− (1.53, 
0.3) 

nr nr 52.4 (CO) 
7.9 (HCOO 

−) 
215 , 219 

8 145 (1.7 mM) p -terphenyl 
(2 mM) 

TEOA CH 3 CN/MeOH 

(4:1 v / v ) 
Hg lamp (500 W 

high-pressure, λ > 

290 nm), 1 h 

CO (24.99, 4.9) 
HCOO 

− (12.75, 
2.5) 

nr nr 58.5 (CO) 
30.4 
(HCOO 

−) 

215 

9 146 (1.7 mM) p -terphenyl 
(2 mM) 

TEOA CH 3 CN/MeOH 

(4:1 v / v ) 
Hg lamp (500 W 

high-pressure, λ > 

290 nm), 1 hou 

CO (5.1, 1.0) nr nr 44 (CO) 215 

10 147 (1.7 mM) p -terphenyl 
(2 mM) 

TEOA CH 3 CN/MeOH 

(4:1 v / v ) 
Hg lamp (500 W 

high-pressure, λ > 

290 nm), 1 h 

CO (13.77, 2.7) 
HCOO 

− (2.04, 
0.4) 

nr nr 30.3 (CO) 
4.8 (HCOO 

−) 
215 

11 148 (1.7 mM) p -terphenyl 
(2 mM) 

TEOA CH 3 CN/MeOH 

(4:1 v / v ) 
Hg lamp (500 W 

high-pressure, λ > 

290 nm), 1 h 

nd nd nd nd 215 

12 7 (0.1 mM) [Ru(bpy) 3 ] 2 + 
(0.5 mM) 

AscH 2 H 2 O (pH 4) Xe lamp (1000 W, 
600 nm > λ> 

340 nm), 8 h 

CO (nr, 0.1) 
H 2 (nr, 0.7) 
Adding PS: CO 

(6.78, 4.8) 

nr nr 12 (CO) 
88 (H 2 ) 

225 

13 7 (2 mM) [Ru(bpy) 3 ] 2 + 
(0.5 mM) 

AscH 2 H 2 O (pH 5) Xe lamp (1000 W, 
λ = 440 nm), 24 h 

CO (nr, 0.1) nr 0.06 (CO) 
0.003 
(HCOO 

−) 

nr 224 

14 149 (2.0 mM) [Ru(bpy) 3 ] 2 + 
(0.5 mM) 

AscH 2 H 2 O (pH 5) Xe lamp (1000 W, 
λ = 440 nm), 7 h 

nr nr CO (0.045) 
HCOO 

−

(0.019) 

nr 224 

15 150 (0.25 mM) [Ru(bpy) 3 ] 2 + 
(0.5 mM) 

AscH 2 H 2 O (pH 4) Hg lamp (460 W 

ultra-high- 
pressure), 1 
h 

CO (8.75, 0.7) nr nr nr 226 

( continued on next page ) 
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Table 2 ( continued ) 

16 151 (0.25 mM) [Ru(bpy) 3 ] 2 + 
(0.5 mM) 

AscH 2 H 2 O (pH 4) Hg lamp (460 W 

ultra-high- 
pressure), 1 
h 

CO (55, 4.4) nr nr 94 (CO) 226 

17 152 (10 μM) ZnSe-BF 4 
(0.5 μM) 
combined with 
143 

AscH 2 H 2 O (pH 4) AM 1.5 G, ( λ > 

400 nm), 20 h 
CO (2.42, 121) nr nr 8 (CO) 227 

18 152 (10 μM) ZnSe-BF 4 
(0.5 μM) 
combined with 
143 , 25 μM 

MEDA 

AscH 2 H 2 O (pH 4) simulated 
solar light (AM 

1.5 G, λ > 

400 nm), 20 h 

CO (5.66, 283) nr 3.4 (CO) 33.8 (CO) 227 

19 29 (0.05 mM) fac -Ir(ppy) 3 
(0.2 mM) 

TEA CH 3 CN LED light ( λ > 

460 nm), 22 h 
CO (54, 270) CO (0.0034) nr 97 (CO) 12 

20 30 (2.0 μM) fac -Ir(ppy) 3 
(0.2 mM) 

TEA CH 3 CN LED light ( λ > 

420 nm), 20 h 
HCOO 

− (ca. 1, ca. 
5) 

nr nr nr 12 

21 34 (0.05 mM) [Ru(dmb) 3 ] 2 
(0.05 mM) 

BNAH DMF/TEOA (4:1 v / v ) LED light 
( λ = 480 nm), 12 h 

HCOOH (29.8, 
149) 
CO (2.4, 12) 
H 2 (2.8, 14) 

CO (0.0034) 5.3 (HCOOH) 85 (HCOOH) 229 

22 57 (0.1 mM) [Ru(dmb) 3 ] 2 + 
(1 mM) 

BNAH DMF/TEOA (4:1 v / v ) LED light 
( λ = 470 nm), 15 h 

HCOOH (260, 
130) 
CO (14.2, 7.1) 
H 2 (3.2, 1.6) 

HCOOH 

(0.0024) 
CO (0.00013) 

3.2 (HCOOH) 
0.18 (CO) 

93.7 
(HCOOH) 
5.1 (CO) 

231 

23 57 (0.1 mM) [Ru(dmb) 3 ] 2 + 
(1 mM) 

BNAH CH 3 CN/TEOA 

(4:1 v / v ) 
LED light 
( λ = 470 nm), 15 h 

HCOOH (18, 9) 
CO (42, 21) 
H 2 (2.6, 1.3) 

HCOOH 

(0.00017) 
CO (0.00039) 

0.22 
(HCOOH) 
0.53 (CO) 

28.8 
(HCOOH) 
67.1 (CO) 

231 

24 153 (0.5 mM Mn) [Ru(dmb) 3 ] 2 + 
(0.5 mM) 

BNAH DMF/TEOA (4:1 v / v ) LED light 
( λ = 470 nm), 18 h 

HCOO 

− (1100, 
110) 
CO (45, 4.5) 

HCOO 

−

(0.0017) 
6.74 
(HCOO 

−) 
95.2 
(HCOO 

−) 
101 

25 34 (0.5 mM) [Ru(dmb) 3 ] 2 + 
(0.5 mM) 

BNAH DMF/TEOA (4:1 v / v ) LED light 
( λ = 470 nm), 18 h 

HCOO 

− (700, 70) 
CO (51, 5.1) 

HCOO 

−

(0.00108) 
4.27 
(HCOO 

−) 
93 (HCOO 

−) 101 

26 60 (2 mM) ZnTPP (0.5 mM) TEA CH 3 CN/H 2 O 

(20:1 v / v ) 
Xe lamp (500 W), 
3 h 

CO (5950, 119) 
HCOO 

− (950, 19) 
CO (0.011) 
HCOO 

−

(0.0018) 

nr 86 (CO) 
13.8 
(HCOO 

−) 

233 

27 62 (0.005 mM) [Ru(bpy) 3 ] 2 + 
(0.3 mM) 

BIH CH 3 CN/0.5 M TEOA LED light 
( λ = 460 nm), 
80 min 

CO (26.6, 2660) CO (0.554) nr 98 (CO) 46 

28 62 (0.05 mM) [Ru(bpy) 3 ] 2 + 
(0.3 mM) 

BIH CH 3 CN/0.5 M TEOA LED light 
( λ = 460 nm), 
80 min 

CO (49.7, 497) 
HCOO 

− (0.05, 5) 
H 2 (0.03, 3) 

CO (0.104) 2.8 
(CO) 

98 (CO) 46 

29 62 (0.005 mM) purpurin (2 mM) BIH DMF LED light 
( λ = 460 nm), 11 h 

CO (7.9, 790) CO (0.0199) 0.8 (CO) 95 (CO) 46 

30 154 (0.05 mM) [Ru(phen) 3 ] 2 + 
(0.2 mM) 

BIH/TEOA CH 3 CN LED light 
( λ = 460 nm), 60 h 

HCOO 

− (82.1, 
821) 
CO (22.1, 221) 
H 2 (4.0, 40) 

nr maximum 2.6 
(HCOO 

−) 
75.9 (CO) 234 

31 154 (0.05 mM) [Ru(phen) 3 ] 2 + 
(0.2 mM) 

BIH CH 3 CN/1 M PhOH LED light 
( λ = 460 nm), 1 h 

CO (82.9, 829) 
HCOO 

− (1.2, 12) 
H 2 (2.2, 22) 

nr nr 96 (CO) 234 

( continued on next page ) 
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Table 2 ( continued ) 

32 155 (0.18 mM) [Ru(bpy) 3 ] 2 + 
(0.3 mM) 

TEA CH 3 CN + 40 mM 

TTA 

Xe lamp ( λ ≥
410 nm), 4 h 

CO (2.5, 3.4) 
HCOO 

− (1.0, 1.4) 
CO (0.00024) nr CO (71.4) 235 

33 156 (0.18 mM) [Ru(bpy) 3 ] 2 + 
(0.3 mM) 

TEA CH 3 CN + 40 mM 

TTA 

Xe lamp ( λ ≥
410 nm), 4 h 

CO (3.7, 5.1) 
H 2 (5.8, 8.1) 

CO (0.00035) nr CO (38.9) 235 

34 157 (0.16 mM) [Ru(bpy) 3 ] 2 + 
(2 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

Xe lamp ( λ ≥
420 nm), 0.5 h 

CO (41.6, 52) nr 1.48 58.3 (CO) 29 

35 157 (30 nmol 
Co 2 + ) 

[Ru(bpy) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 420 nm), 10 h 

nr CO (0.027) 0.9 (CO) 63.1 (CO) 243 

36 158 (30 nmol 
Co 2 + ) 

[Ru(bpy) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 420 nm), 10 h 
(1 atm CO 2 ) 

nr CO (0.0063) 0.21 (CO) 63.6 (CO) 243 

37 159 (30 nmol 
Co 2 + ) 

[Ru(bpy) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 420 nm), 10 h 
(1 atm CO 2 ) 

nr CO (0.028) 0.93 (CO) 98.2 (CO) 243 

38 159 (30 nmol 
Co 2 + ) 

[Ru(bpy) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 420 nm), 10 h 
(0.1 atm CO 2 ) 

nr CO (0.023) nr 98.2 (CO) 243 

39 160 (30 nmol 
Co 2 + ) 

[Ru(bpy) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 420 nm), 10 h 
(1 atm CO 2 ) 

nr CO (0.012) 0.39 (CO) 66.7 (CO) 243 

40 161 (30 nmol 
Co 2 + ) 

[Ru(bpy) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 420 nm), 10 h 
(1 atm CO 2 ) 

nr CO (0.059) 2.0 (CO) 98.2 (CO) 243 

41 161 (30 nmol 
Co 2 + ) 

[Ru(bpy) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 420 nm), 10 h 
(0.1 atm CO 2 ) 

nr CO (0.049) nr 97.8 (CO) 243 

42 162 (1 μM) [Ru(bpy) 3 ] 2 + 
(2 mM) 

TEOA/BIH CH 3 CN + 3% H 2 O white light ( λ > 

420 nm), 3 h 
CO (31.2, 12,487) 
H 2 (1.0, 411) 

CO (1.16) 1.2 (CO) 97 (CO) 244 

43 162 (1 μM) [Ru(bpy) 3 ] 2 + 
(2 mM) 

TEOA/BIH CH 3 CN white light ( λ > 

420 nm), 3 h 
CO (7.4, 2939) 
H 2 (0.2, 93) 

CO (0.222) nr 97 (CO) 244 

44 163 (0.05 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm) 10 h 

CO (2.48, 9900) CO (0.275) nr 98 (CO) 245 

45 164 (0.05 mM) Cu I (dmp)(P) 2 + 
(0.5 mM) 

BIH, 50 mM CH 3 CN/TEOA 

(5:1 v / v ) 
Hg lamp ( λ
= 435.8 nm), 12 h 

CO (54.5, 273) CO (0.0063) nr 78 (CO) 246 

46 63 (0.005 mM) [Ru(bpy) 3 ] 2 + 
(0.3 mM) 

BIH CH 3 CN/TEOA (4:1, 
v / v ) 

LED light 
( λ = 460 nm), 3 h 

CO (38.44, 3844) 
HCOO 

− (3.34, 
534) 
H 2 (1.18, 118) 

CO (0.366) 1.45 for the first 
45 min 
(CO) 

85 (CO) 46 

47 63 (0.05 mM) [Ru(bpy) 3 ] 2 + 
(0.3 mM) 

BIH C CH 3 CN/TEOA 

(4:1, v / v ) 
LED light 
( λ = 460 nm), 3 h 

CO (18.79, 1879) 
HCOO 

− (0.48, 
48) 
H 2 (0.15, 15) 

CO (0.174) 8.8 
(CO) 

97 (CO) 46 

48 63 (0.005 mM) purpurin 
(0.02 mM) 

BIH DMF LED lihgt 
( λ = 460 nm), 12 h 

CO (13.65, 1365) CO (0.0316) 1.1 (CO) 92 (CO) 46 

49 63 (20 μM) mpg-C 3 N 4 (8 mg) TEOA CH 3 CN/TEOA (4:1 
v / v ) 

Hg lamp (400 W 

high-pressure, λ ≥
400), 17 h 

CO (12.4, 155) CO (0.0025) 4.2 (CO) 97 (CO) 251 
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Table 2 ( continued ) 

50 165 (10 μmol) CdS (50 mg) TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

non-focus 300 W 

LED light, 2 h 
nr nr 1.68 (CO) 81.25 (CO) 252 

51 78 (0.01 mM) – TEA DMF Xe lamp (300 W), 
15 min 

CO (nr, ca. 70) nr 5 (CO) nr 254 

52 78 (10–50 μM) – TEA CH 3 CN visible light 
(BG40-type optical 
filter), 10 h 

CO (0.51 based 
10 μM 78 , 17) 

nr nr 8 for 1 h (CO) 257 

53 79 (10–50 μM) – TEA CH 3 CN visible light 
(BG40-type optical 
filter), 10 h 

CO (0.84 based 
10 μM 79, 28) 

CO (0.0021 for 
1 h) 

nr 93 for 1 h (CO) 257 

54 79 (2 μM) 9-CNA (0.2 mM) TEA CH 3 CN Xe lamp ( λ > 

420 nm), 45 h 
CO (nr, 40–60) nr 0.08 (CO) ca. 100 (CO) 259 

55 79 (2 μM) fac -Ir(ppy) 3 
(0.2 mM) 

TEA CH 3 CN Xe lamp ( λ > 

420 nm), 55 h 
CO (nr, 140) CO (0.039 for 

1 h) 
0.13 (CO) 93 (CO) 259 

56 81 (10–50 μM) – TEA CH 3 CN visible light 
(BG40-type optical 
filter), 10 h 

CO (0.69 based 
10 μM 81 , 23) 

CO (0.0019 for 
1 h) 

nr 76 for 1 h (CO) 257 

57 82 (2 μM) fac -Ir(ppy) 3 
(0.2 mM) 

TEA CH 3 CN simulated 
solar light ( λ > 

420 nm), 102 h 

CO (2.57, 367) 
CH 4 (0.55, 79) 
H 2 (0.18, 26) 

CO (0.001) 
CH 4 (0.0002) 

nr 78 
(CH 4 ) 17 
(CO) 
5 (H 2 ) 

47 

58 82 (2 μM) Purpurin (0.2 mM) TEA CH 3 CN/H 2 O (1:9 
v / v ), 0.1 M NaHCO3 

simulated 
solar light ( λ > 

420 nm), 47 h 

CO (0.42, 60) 
H 2 (0.035, 5) 

CO (0.00035) nr 95 (CO) 260 

59 82 (2 μM) fac -Ir(ppy) 3 
(0.2 mM) 

TEA CH 3 CN/H 2 O (3:7 
v / v ) 

simulated 
solar light ( λ > 

420 nm), 47 h 

CO (0.168, 24) 
CH 4 (0.021, 3) 
H 2 (0.035, 5) 

CO (0.00014) 
CH 4 
(0.000018) 

nr 75 (CO) 
9 (CH 4 ) 
16 (H 2 ) 

261 

60 170 (0.15 mM) – TEA CH 3 CN Xe lamp ( λ > 

310 nm), 6 h 
CO (47.25, 9) nr nr nr 262 

61 170 (0.15 mM) p -terphenyl 
(3 mM) 

TEA CH 3 CN Xe lamp ( λ > 

310 nm), 6 h 
CO (472.5, 90) nr nr nr 262 

62 171 (0.048 mM) p -terphenyl 
(3 mM) 

TEA CH 3 CN Xe lamp ( λ > 

310 nm), ca. 6 h 
CO (73.58, 43.8) nr nr nr 263 

63 172 (0.045 mM) p -terphenyl 
(3 mM) 

TEA CH 3 CN Xe lamp ( λ > 

310 nm), ca. 6 h 
CO (80.48, 51.1) nr nr nr 263 

64 98 (10 μM) – TEA CH 3 CN Xe lamp ( λ > 

320 nm), 200 h 
HCOO 

− + CO 

(105, 300) 
nr nr nr 265 

65 173 (ca. 0.05 mM) p -terphenyl 
(3 mM) 

TEA CH 3 CN Xe lamp ( λ > 

320 nm), 20 h 
CO (108.5, 62) nr nr nr 255 

66 169 (0.034 mM) p -terphenyl 
(3 mM) 

TEA CH 3 CN Xe lamp (300 W), 
20 h 

CO (73.54, 61.8) nr nr nr 256 

67 174 (0.04 mM) p -terphenyl 
(3 mM) 

TEA CH 3 CN Xe lamp ( λ > 

310 nm), 6 h 
CO (66.5, 47.5) nr nr nr 262 

68 175 (2 mg) – TEOA MeCN Xe lamp (400 nm 

< λ < 800 nm), 6 h 
nr CO (200.6 

μmol/(g ∗h)) 
CH 4 (36.76 
μmol/(g ∗h)) 

nr 15.4 (CH 4 ) 268 

69 MOF-525 (2 mg) – TEOA MeCN Xe lamp (400 nm 

< λ < 800 nm), 6 h 
nr CO (64.02 

μmol/(g ∗h)) 
CH 4 (6.2 
μmol/(g ∗h)) 

nr 8.83 (CH 4 ) 268 

( continued on next page ) 
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Table 2 ( continued ) 

70 176 (0.1 mg) g -C 3 N 4 (50 mg) TEOA CH 3 CN/H 2 O (3:1 
v / v ) 

Xe lamp (400 nm 

< λ < 780 nm), 6 h 
CO (0.65, 5.7) 
CH 4 (trace) 

CO 

(1.09 mmol/(g ∗h)) 
nr 98 (CO) 269 

71 177 (22 and 
65 mg) 

Graphene sheets 
100 mL 

(0.2 mg/mL) 

– H 2 O Xe lamp ( λ > 

400 nm), 6 h 
nr CH 4 (57.38 

μmol/(m 

∗h)) 
C 2 H 2 (112.89 
μmol/(m 

∗h)) 

nr nr 271 

72 178 (5 μM) fac -Ir(ppy) 3 
(0.4 mM) 

TEA CH 3 CN LED light 
( λmax = 460 nm), 
70 h 

CO (19.06, 953) CO (0.0139 for 
8 h) 

nr 85 (CO) 272 

73 179 (10 μM) fac -Ir(ppy) 3 
(0.4 mM) 

TEA CH 3 CN/H 2 O (5:1 
v / v ) 

LED light 
( λmax = 450 nm), 
60 h 

CO (2.85, 56.9) 
HCOO 

− (3.21, 
64.2) 
H 2 (9.08, 181.6) 

CO (0.00026) 
HCOO 

−

(0.0003) 

nr 18.8 (CO) 
21.2 
(HCOO 

−) 
60 (H 2 ) 

275 

74 180 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
60 h 

CO (14.72, 368) CO (0.0017) nr ca. 95 (CO) 276 

75 180 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
15 h 

CO (3.36, 84) CO (0.0016) nr 89 (CO) 276 

76 181 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
15 h 

nd nd nd nd 276 

77 182 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
15 h 

CO (0.52, 13) CO (0.00024) nr 65 (CO) 276 

78 183 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
15 h 

nd nd nd nd 276 

79 184 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
12 h 

CO (2.8, 56) CO (0.0013) nr 86 (CO) 277 

80 184 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
48 h 

CO (23.5, 470) CO (0.0027) nr 87 (CO) 277 

81 185 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
12 h 

CO (5.1, 102) CO (0.0024) nr 88 (CO) 277 

82 185 (0.01 mM) fac -Ir(ppy) 3 
(0.5 mM) 

TEA DMF LED light 
( λmax = 460 nm), 
48 h 

CO (21.05, 403) CO (0.0023) nr 89 (CO) 277 

83 186 (2 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (11.79, 1179) CO (0.032) 0.22 (CO) 97 (CO) 173 

84 178 (2 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (6.86, 686) CO (0.019) 0.13 (CO) 97 (CO) 173 

85 187 (0.01 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (2.24, 44,800) CO (1.24) 0.27 at 2.0 μM 

CAT (CO) 
97 (CO) 174 

( continued on next page ) 
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Table 2 ( continued ) 

86 187 (0.05 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (2.9, 11,600) CO (0.32) nr 97 (CO) 174 

87 188 (0.05 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (0.4, 1600) CO (0.04) 0.007 (CO) 85 (CO) 174 

88 189 (0.01 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (2.9, 58,000) CO (1.61) 0.19 at 2.0 μM 

CAT (CO) 
97 (CO) 280 

89 190 (0.01 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (2.46, 49,200) CO (1.37) 0.17 at 2.0 μM 

CAT (CO) 
98 (CO) 280 

90 191 (0.01 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

nd nd 0.04 at 2.0 μM 

Cat (CO) 
nd 280 

91 102 (2.0 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 12 h 

CO (7.9, 790) CO (0.021 for 
8 h) 

0.16 (CO) 98 (CO) 175 

92 103 (2.0 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (5:1 
v / v ) 

LED light 
( λ = 450 nm), 12 h 

CO (10.7, 1070) CO (0.031 for 
8 h) 

0.22 (CO) 98 (CO) 175 

93 104 (2.0 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (5:1 
v / v ) 

LED light 
( λ = 450 nm), 12 h 

CO (13.3, 1330) CO (0.038 for 
8 h) 

0.27 (CO) 98 (CO) 175 

94 104 (0.04 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 12 h 

CO (2.11, 10,650) CO (0.32 for 
8 h) 

nr 99 (CO) 175 

95 105 (1.0 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (5:1 
v / v ) 

LED light 
( λ = 450 nm), 12 h 

CO (9.5, 950) CO (0.028 for 
8 h) 

0.19 (CO) 98 (CO) 175 

96 192 (0.025 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (2.11, 16,896) CO (0.47) 0.04 (CO) 98 (CO) 14 

97 192 (0.025 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (2.11, 17,000) CO (0.47) 0.04 (CO) 98 (CO) 30 

98 193 (0.025 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (8.10, 65,000) CO (1.8) 0.15 (CO) 98 (CO) 30 

99 188 (0.025 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (0.18, 1500) CO (0.04) nr 74 (CO) 30 

100 194 (0.025 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (4.22, 33,792) CO (0.94) 0.15 at 1.0 μM 

CAT (CO) 
98 (CO) 281 

101 194 (0.5 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O, (4:1 
v / v ), CO 2 /Ar = 10/90 

LED light 
( λ = 450 nm), 10 h 

CO (1.50, 600) CO (0.017) nr 95 (CO) 281 

102 195 (0.025 μM) [Ru(phen) 3 ] 2 + 
(0.4 mM) 

TEOA CH 3 CN/H 2 O (4:1 
v / v ) 

LED light 
( λ = 450 nm), 10 h 

CO (2.33, 18,656) CO (0.52) nr 97 (CO) 281 

103 110 (2 nM) fac -Ir(ppy) 3 
(0.2 mM) 

TEA CH 3 CN Xe lamp (150 W, 
AM 1.5 filter), 7 h 

CO (1.96, 98,000) CO (3.9) 0.01 (CO) ca. 100 (CO) 28 

104 196 (0.1 mM) fac -Ir(ppy) 3 
(0.1 mM) 

BIH CH 3 CN/TEA (19:1 
v / v ) 

Xe lamp (150 W, 
AM 1.5 filter), 6 h 

CO (2.12, 10.6) CO (0.006 for 
4 h) 

nr nr 283 

105 120 (0.1 mM) fac -Ir(ppy) 3 
(0.1 mM) 

BIH CH 3 CN/TEA (19:1 
v / v ) 

Xe lamp (150 W, 
AM 1.5 filter), 6 h 

CO (0.018, 0.09) nr nr nr 283 

106 197 (30 μM) [Ru(bpy) 3 ] 2 + 
(0.50 mM) 

BIH DMA/H 2 O (9:1 v / v ) LED light (6 W, 
λ = 450 nm), 55 h 

CO (86, 713) CO (0.0052) 1.42 (CO) > 99 (CO) 285 

107 197 (30 μM) [Ru(bpy) 3 ] 2 + 
(0.50 mM) 

BIH DMA/H 2 O (9:1 v / v ) LED light (6 W, 
λ = 450 nm), 4 h 

CO (10.32, 86) CO (0.006) nr > 99 (CO) 32 
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Table 2 ( continued ) 

108 197 (30 μM), 
Mg 2 + (5 mM) 

[Ru(bpy) 3 ] 2 + 
(0.50 mM) 

BIH DMA/H 2 O (9:1 v / v ) LED light (6 W, 
λ = 450 nm), 4 h 

CO (20.64, 172) CO (0.012) 3.3 (CO) > 99 (CO) 32 

109 198 (30 μM) [Ru(bpy) 3 ] 2 + 
(0.50 mM) 

BIH DMA/H 2 O (9:1 v / v ) LED light (6 W, 
λ = 450 nm), 4 h 

CO (10.08, 84) CO (0.006) nr > 99 (CO) 32 

110 198 (30 μM), 
Mg 2 + (5 mM) 

[Ru(bpy) 3 ] 2 + 
(0.50 mM) 

BIH DMA/H 2 O (9:1 v / v ) LED light (6 W, 
λ = 450 nm), 4 h 

CO (40.8, 340) CO (0.024) 11.1 (CO) > 99 (CO) 32 

111 199 (0.5 mM) – AscH 2 H 2 O (pH 4) Xe lamp (500 W, λ
> 450 nm), 44 h 

CO (0.157, < 1) nr nr 72 (CO) 40 

112 [Ni(cyclam)] 2 + 
(0.5 mM) 

[Ru(phen) 3 ] 2 + 
(0.5 mM) 

AscH 2 H 2 O (pH 4) Xe lamp (500 W, λ
> 450 nm), 44 h 

CO (0.058, < 1) nr nr 36 (CO) 40 

113 200 (0.01 mM) – AscH 2 H 2 O (pH 5.1) Xe lamp (500 W, λ
> 450 nm), 2 h 

CO ( < 0.179, 1) nr nr 11 (CO) 288 

114 205 (30 μM) – AscH 2 H 2 O (pH 6.5) halogen lamp ( λ > 

435 nm), 60 h 
CO (3.1, 5.2) nr nr nr 289 

115 206 (0.5 mM) – TEOA DMF/H 2 O (3:1 v / v ) Xe lamp (500 W, 
750 > λ > 

400 nm), 29 h 

CO (29, 2) 
H 2 (29, 2) 

nr nr 50 (CO) 290 

116 [Ni(bpy) 3 ] 2 + 
(0.5 mM) 

[Ru(bpy) 3 ] 2 + 
(0.5 mM) 

TEOA DMF/H 2 O (3:1 v / v ) Xe lamp (500 W, 
750 > λ > 

400 nm), 29 h 

CO (30, 2) 
H 2 (8, < 1) 

nr nr 79 (CO) 290 

117 207 (0.5 mM) – TEOA DMF/H 2 O (3:1 v / v ) Xe lamp (500 W, 
750 > λ > 

400 nm), 29 h 

CO (49, 3) 
H 2 (18, 1) 

nr nr 9.3 (CO) 290 

118 208 (0.5 mM) – TEOA DMF/H 2 O (3:1 v / v ) Xe lamp (500 W, 
750 > λ > 

400 nm), 29 h 

CO (77, 5) 
H 2 (20, 1) 

nr nr 12.7 (CO) 290 

119 [Co(bpy) 3 ] 3 + 
(0.5 mM) 

[Ru(bpy) 3 ] 2 + 
(0.5 mM) 

TEOA DMF/H 2 O (3:1 v / v ) Xe lamp (500 W, 
750 > λ > 

400 nm), 29 h 

CO (130, 9) 
H 2 (240, 16) 

nr nr 44 (CO) 290 

120 209 (0.1 mM) – BIH CH 3 CN/TEOA (5:1 
v / v ) 

Xe lamp (300 W, λ
> 415 nm), 8 h 

CO (30.6, 51) 
H 2 (7.8, 13) 

CO (0.0018) nr 79.6 (CO) 291 

121 210 (0.1 mM) – BIH CH 3 CN/TEOA (5:1 
v / v ) 

Xe lamp (300 W, λ
> 415 nm), 8 h 

CO (8.4, 14) 
H 2 (3.6, 6) 

CO (0.0005) nr 69.7 (CO) 291 

122 211 (0.1 mM) – BIH CH 3 CN/TEOA (5:1 
v / v ) 

Xe lamp (300 W, λ
> 415 nm), 8 h 

CO (32.4, 54) 
H 2 (4.8, 8) 

CO (0.0019) nr 87.2 (CO) 291 

123 212 (0.1 mM) – BIH CH 3 CN/TEOA (5:1 
v / v ) 

Xe lamp (300 W, λ
> 415 nm), 8 h 

CO (1.2, 2) 
H 2 (0.6, 1) 

CO (0.00007) nr 66.7 (CO) 291 

124 213 (0.1 mM) – BIH CH 3 CN/TEOA (5:1 
v / v ) 

Xe lamp (300 W, λ
> 415 nm), 16 h 

CO (42, 70) 
H 2 (23.4, 39) 

CO (0.0018) nr 64.3 (CO) 291 

125 [Co(phen) 3 ] 2 + 
(0.1 mM) 

[Ru(bpy) 3 ] 2 + 
(0.1 mM) 

BIH CH 3 CN/TEOA (5:1 
v / v ) 

Xe lamp (300 W, λ
> 415 nm), 2 h 

CO (17.4, 29) 
H 2 (15, 25) 

CO (0.004) nr 54.5 (CO) 291 
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31 
the presence of N 

–H group in 14-membered tetraazamacrocycles
is not always a requisite for effective CO 2 binding. With regard
to the N-methylated cyclam, 148 can not mediate the photore-
duction of CO 2 ( Fig. 21 ; Table 2 , entry 11). This inactivity may
be explained as the steric hindrance of the four N-methyl groups,
which impedes the catalytic center from binding CO 2 substrate
molecules. 215 

As mentioned in the electrocatalytic CO 2 reduction section,
the [Ni I (cyclam)] + complex shows good activity for electro-
chemical reduction of CO 2 to CO. 60 Ni-cyclam complexes were
also studied as catalysts for photocatalytic CO 2 reduction. Spreer
and Otvos et al. built an effective photocatalytic system using
[Ni(cyclam)] 2 + ( 7 ; Fig. 2 and 22 ) as the CAT, [Ru(bpy) 3 ] 2 +
as the PS, and AscH 2 as the SD. The total TON CO 

reaches 4.8,
and the quantum yield for CO formation is 0.06% ( Table 2 ,
entries 12 and 13). 224 , 225 When the cyclam ligand was replaced
with a 12-membered-ring macrocycle, the corresponding Ni
complex 149 exhibits lower photocatalytic activity in CO 2 -to-
CO conversion ( Table 2 , entry 14). 224 Later, two dimerized Ni-
cyclam complexes were further investigated by Mochizuki and
co-workers. They found that dimerized Ni-cyclam 151 ( Fig. 22 )
improved both efficiency and selectivity in CO 2 -to-CO reduction
when compared to the monomacrocyclic complex 150 ( Table 2 ,
entries 15 and 16). 226 151 produced 6 times and 8 times as much
CO as 150 and the parent complex 7 , respectively. A surprising
result is that Ni(II) complex 25 , with the same bimacrocyclic
skeleton as 151 but without the methyl groups ( Fig. 3 and 22 ),
generates only 60% of the CO amount 151 generated. 226 

Immobilization of molecular catalysts onto 2D layer materials
or 3D porous materials is a traditional approach to prepare het-
erogeneous catalysts. Hybrid photocatalysts for CO 2 reduction
can also be prepared by depositing molecular catalysts such
as macrocyclic complexes on semiconductor materials. 227 , 228 

Recently, Reisner et al. developed a precious metal-free photo-
catalytic system consisting of a phosphonic acid-functionalised
Ni(cyclam) catalyst ( 152 ; Fig. 23 ) and ligand-free ZnSe quantum
dots (QDs) as a visible-light PS. The catalytic system shows a
high activity for CO 2 reduction to CO, with the TON CO 

of over
120 ( Table 2 , entry 17). In contrast, the anchor-free catalyst 7
produces three times less CO. 227 Further modification of ZnSe
surface with 2-(dimethylamino)ethanethiol (MEDA) partially
suppresses H 2 generation and enhances CO production, with the
TON CO 

of over 280 after irradiation for 20 h with visible light
( λ > 400 nm, AM 1.5G, 1 sun) ( Table 2 , entry 18). The external
quantum efficiency of 3.4% at 400 nm is comparable to state-of-
the-art precious metal catalysts. 227 

Co catalyst 29 supported on N 5 -macrocycle and its Fe
analogue 30 ( Fig. 4 ) reported by Lau, Robert and coworkers
for electrocatalytic CO 2 reduction were also found activity
for photocatalytic CO 2 reduction. 12 Interestingly, the reduction
products are dependent on the catalytic centers. Using fac -
r(ppy) 3 as PS and TEA as SD, the photocatalytic CO 2 reduction

system by 29 produced CO with a TON of 270 and a selectivity of
up to 97% ( Table 2 , entry 19), while the same reaction system by
30 mainly produced formate (TON = 5) ( Table 2 , entry 20). 204 

Metal complexes with polypyridine ligands 
The aforementioned electrocatalyst fac -Mn(bpy)(CO) 3 Br ( 34 ;
Figs. 5 and 24 ) was also active for photocatalytic CO 2 re-
duction. A DMF/TEOA ( v / v = 4:1) solution containing 34 ,
[Ru(dmb) 3 ] 2 + , and BNAH was irradiated by 480 nm light
under a CO 2 atmosphere, producing HCOOH with �HCOOH 

of
5.3%. A TON HCOOH 

of 149 was obtained after 12 h irradiation
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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 Table 2 , entry 21). 229 Such performance is comparable to
he photocatalytic system using the noble metal complex fac -
e (dmb)(CO) 3 Cl ( �CO 

= 6.2%) under similar reaction con-
itions. 230 Note that the photocatalytic product was HCOOH,
hich is different from the electrocatalytic result that CO was

he main product. 35 , 90 The electrochemically active complex
 57 ; Fig. 6 and 24 ) similar to 34 was also used as CAT to
onstruct a photocatalytic system consisting of [Ru(dmb) 3 ] 2 + ,
NAH, and DMF/TEOA (4:1 v / v ). 231 57 exhibited more

table photochemically than 34 . This system also produced
COOH as the main product with a �HCOOH 

of 3.2% and
 TON HCOOH 

of 130 ( Table 2 , entry 22) under a 470 nm
ight irradiation for 15 h. 231 However, when the solvent was
hanged to CH 3 CN/TEOA ( v / v = 4:1), Kubiak and co-
orkers found that this solvent system favored CO formation

TON CO 

= 21, �CO 

= 0.53%) over HCOOH (TON HCOOH 

= 9,
= 0.22%) and H 2 (TON H2 = 1.3) ( Table 2 , entry 23).

he two-electron reduction product, i.e., [Mn(bpy)(CO) 3 ] −
roduced by disproportionation of the one-electron-reduced
pecies [Mn(bpy)(CO) 3 (CN)] . − was proposed as an active
pecies for CO 2 reduction. 106 , 232 In 2018, a MOF ( 153 ; Fig. 24 )
onsisting of 34 as unit and Zn(IV) as bridges was used as CAT
n a DMF/TEOA ( v / v = 4:1) photocatalytic system for CO 2 
eduction in the presence of [Ru(dmb) 3 ] 2 + as PS and BNAH as
D. 101 This system produced HCOOH with a high selectivity
f 95.2% and a �HCOOH 

of 6.74% at λex = 470 nm ( Table 2 ,
ntry 24). The TON HCOOH 

reaches 110, larger than that of the
orresponding homogeneous systems ( 70 , �HCOOH 

= 4.27%
ith 34 as CAT) under similar reaction conditions ( Table 2 , entry
5). The MOF was suggested to inhibit the Mn complexes from

orming Mn dimer. The catalyst could be easily recovered by
ecantation from the dispersed solution after the photocatalytic
eaction and could be reused. The photocatalytic activity of the
ystem gradually decreased because of partial decomposition of
he fac -Mn(CO) 3 structure, despite that the Mn content itself did
ot decrease in the MOF, yielding a total TON HCOOH 

of 170 after
 recycling steps. Recently, Bian et al. built a photocatalytic system
sing 60 ( Figs. 6 and 24 ) as CAT, ZnTPP as PS and TEA as SD. 233 

n CH 3 CN/H 2 O ( v / v = 20:1), the main product is CO with a
ON CO 

of 119 and TON HCOOH 

of 19 based on the Mn complex
 Table 2 , entry 26). 

The electrochemically active Co quaterpyridine complex 62
 Fig. 7 ) is also active for photocatalytic CO 2 reduction. 46 , 117 Lau
nd Robert et al. found that in CH 3 CN/TEOA solvent system
ith 62 as the CAT, [Ru(bpy) 3 ] 2 + as the PS and BIH as the SD, a
ON CO 

as high as 2660 with 98% selectivity and 6.74% �CO 

can
e achieved ( Table 2 , entries 27–28). 46 An organic PS purpurin
ould also be employed in this photocatalytic system instead of
Ru(bpy) 3 ] 2 + . Irradiation ( λex = 460 nm) on a DMF solution
onsisting of 62 (0.005 mM), purpurin (2 mM), BIH (0.1 M) and
aturated CO 2 led to the selective formation of CO with TON CO 

f 790 ( Table 2 , entry 29). 46 In 2019, Lau and Robert et al.
ur ther repor ted a binuclear Co complex [Co 2 biqpy] 4 + ( 154;
ig. 25 ) bearing a bi-quaterpyridine ligand. They found that 154
an selectively reduce CO 2 to HCOO 

− or CO under visible
ight irradiation ( λex = 460 nm). 234 In basic CH 3 CN solution,

COO 

− was observed with a selectivity of 75.9% and a TON of
21 respectively under irradiation for 60 h ( Table 2 , entry 30).

hen phenol was used as a co-substrate, CO was afforded with
 high selectivity of 96% and a TON of 829 ( Table 2 , entry 31)
nder irradiation for 1 h. Electrochemical experiments and DFT
alculations indicated that the catalytic process is controlled by
he two Co atoms acting synergistically. 234 
32 
In 2018, two Co complexes ( 155 and 156 ; Fig. 25 ) with
entadentate polypyridine ligands were synthesized for photo-
atalytic CO 2 reduction. 235 , 236 The Co(II) is pentacoordinated
ith pentadentate polypyridine ligands to form trigonalbipyra-
idal geometry, obviously different from commonly observed

exacoordinated Co complexes. In photochemical system using
55 as CAT, [Ru(bpy) 3 ] 2 + as PS, TEA as SD and tri- p-tolylamine
TTA) as a reversible quencher, CO (TON CO 

= 3.4) and
COO 

− (TON CO 

= 1.4) were produced under visible-light
rradiation ( Table 2 , entry 32). While for 156 with methoxy
roups attached to the terminal pyridines of ligand, CO and H 2 
TON CO 

= 5.1 and TON H2 = 8.1) were detected in the catalytic
ystem ( Table 2 , entry 33). 235 

Recently, MOFs have attracted enormous attention
n CO 2 reduction owing to their unique merits such as
xcellent CO 2 adsorption capacities and tailorable light-
bsorption abilities. 237–239 A number of Co-based MOFs
earing polypyridine ligands have been designed and used

or photocatalytic CO 2 reduction. 240–242 In 2014, Wang and
o-workers reported a Co-based zeolitic imidazolate framework
 157 ; Fig. 25 ), which can serve as a robust MOF catalyst to
educe CO 2 by visible light. 29 157 is an insoluble zeolitic solid
ith micropores. Irradiation of a CH 3 CN/H 2 O (4:1 v / v )

uspension containing the powder of 157 , [Ru(bpy) 3 ] 2 + and
EOA w ith v isible light ( λex = 420 nm) produced CO and
 2 , with a �CO 

of 1.48% ( Table 2 , entry 34). Repeated use
f the CAT powder (5 times) gave a total TON CO 

of 450.
esides, Zhang and Liao et al. designed and synthesized a

eries of Co-based MOFs, [Co 2 ( μ-Cl) 2 (bbta)] ( 158 ), [Co 2 ( μ-
OH) 2 (bbta)] ( 159 ), [Co 2 ( μ-Cl) 2 (btdd)] ( 160 ) and [Co 2 ( μ-
OH) 2 (btdd)] ( 161 ) supported by pyridine derivatives (H 2 bbta

 1 H ,5 H -benzo-(1,2-d:4,5-d 

′ )bistriazole, H 2 btdd = bis(1 H -
,2,3-triazolo-[4,5- b ,4 

′ ,5 

′ - i ])dibenzo[1,4]dioxin); Fig. 25 ). 243 

he catalytic performances of 158–161 for photocatalytic CO 2 
eduction were studied under visible light irradiation in a 4:1
 v:v ) CH 3 CN/H 2 O solution containing [Ru(bpy) 3 ] 2 − and
EOA. The results revealed that 159 and 161 ( Table 2 , entries
7 and 40) with μ-OH 

− ligands bind with the open Co centers
howed higher efficiency for CO 2 -to-CO conversion than 158,
60 ( Table 2 , entries 36 and 39) and the zeolitic imidazolate

ramework 157 ( Table 2 , entry 35). The CO selectivity up to
8.2% and TOF of 0.059 s −1 of 161 ( Table 2 , entry 40) are much
igher than most of reported heterogeneous catalysts. 29 More

mportantly, the TOFs of 159 and 161 reduced only about 20%
n a low CO 2 concentration (1:9 CO 2 /Ar mixture, entries 38
nd 41 in Table 2 ), while other MOFs reduce by at least 90%. 243 

eriodic DFT calculations and isotope tracing experiments
howed that the μ-OH 

− ligands serve not only as strong H-
onding donors to stabilize the initial Co-CO 2 adduct but also as

ocal proton sources to facilitate the C −O bond cleavage, which
reatly boosts the photocatalytic CO 2 -to-CO conversion. 

Cu complexes with polypyridine ligands active for photocat-
lytic CO 2 reduction are relatively rare. In 2017, a quaterpyri-
ine Cu complex [Cu(qpy)] 2 + ( 162 ; qpy = 2,2 

′ :6 

′ ,2 

′ ’:6 

′ ’,2 

′ ”-
quaterpyridine; Fig. 25 ) was firstly reported as a selective catalyst
or CO 2 reduction in a photocatalytic system containing 2 mM
Ru(bpy) 3 ] 2 + , BIH/TEOA and CH 3 CN. 244 This reaction is
reatly enhanced by addition of H 2 O (1–4% v / v ), obtaining
 TON of > 12,400 for CO production and a selectivity of
7% ( Table 2 , entries 42–43). 244 Besides, we developed a new
u 

II complex (Et 4 N)[Cu(pyN 2 Me 2 )(HCO 2 )] ( 163 ; Fig. 25 )
ased on a NNN-pincer ligand bis(2,6-dimethylphenyl)-2,6-
yri-dinedicarbox-amidate(2-) (pyN 2 Me 2 ). 245 We found that
DOI: 10.1016/j.enchem.2020.100034 
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Fig. 21. Co macrocyclic complexes as molecular catalysts for photochemical CO 2 reduction. 

Fig. 22. Ni macrocyclic complexes as molecular catalysts for photochemical CO 2 reduction. 
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Fig. 23. Schematic representation of the photocatalytic system consisting of catalyst 152 , and ligand-free ZnSe QDs (ZnSe-BF 4 ) for CO 2 reduction. 
Reproduced with permission. 227 Copyright 2018, Royal Society of Chemistry. 

Fig. 24. Mn complexes based on polypyridine ligands as molecular catalysts for photochemical CO 2 reduction. 

Fig. 25. Complexes and MOFs based on polypyridine ligands as molecular catalysts for photochemical CO 2 reduction. 
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63 (0.05 μM) possesses excellent photocatalytic performance
or CO 2 -to-CO conversion in the presence of [Ru(phen) 3 ] 2 + and
EOA in CH 3 CN/H 2 O ( v : v = 4:1) solution, giving a high TON
f 9900 and a TOF of 0.275 s −1 , as well as a high CO selectivity of
8% under irradiation of visible light for 10 h ( Table 2 , entry 44).

Fe polypyridine complexes were also employed as catalysts for
hotochemical CO 2 reduction. 246–250 Ishitani and co-workers
34 
eported an efficient and durable photocatalytic system for CO 2 
eduction, where Fe polypyridine complex Fe II (dmp) 2 (NCS) 2 
 164 ; Fig. 25 ) served as CAT, heteroleptic complex
u 

I (dmp)(P) 2 + (dmp = 2,9-dimethyl-1,10-phenanthroline;
 = phosphine ligand) acted as PS, and BIH served as SD,

rom which CO was produced as the main product with a TON
nd quantum yield of 273 and 6.7%, respectively ( Table 2 ,
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 26. Anchoring Ni polypyridine complexes onto CdS quantum dots photosensitizer. Reproduced with permission. 125 Copyright 2017, American 
Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

entry 45). 246 In addition, the above-mentioned electroactive Fe
quaterpyridine complex 63 ( Fig. 7 ) can also serve as catalyst
for photocatalytic CO 2 reduction. 46 , 117 Ishitani and co-workers
found that in CH 3 CN/TEOA solvent system with [Ru(bpy) 3 ] 2 + 

as the PS and BIH as the SD, a TON CO 

of over 3000 with 85%
selectivity can be realized for 63 ( Table 2 , entry 46). 46 The
quantum yields of CO formation can reach 8.8% ( Table 2 , entry
47). The PS [Ru(bpy) 3 ] 2 + can be replaced with an organic PS
purpurin. Irradiation of a DMF solution consisting of purpurin
(2 mM), 63 (0.005 mM), and BIH (0.1 M) w ith v isible light
( λex = 460 nm) led to the conversion of CO 2 to CO with TON
of 1365 based on 63 ( Table 2 , entry 48). 46 In 2018, Ishitani
and co-workers further developed an efficient and selective
photocatalytic system for CO 2 reduction, which consisted of 63
catalyst and mesoporous graphitic carbon nitride (mpg-C 3 N 4 )
redox photosensitizer. 251 After irradiation ( λ ≥ 400) in an
CH 3 CN/TEOA ( v / v 4:1) mixed solution for 17 h, 12.4 μmol
CO was detected as the major product, corresponding to a
selectivity of 97%, a TON CO 

of 155, and an apparent quantum
yield of 4.2% ( Table 2 , entry 49). 

The Ni-bis(tpy) complex ( 68 ; Fig. 7 and 26 ) could be
anchored on CdS quantum dots for photochemical CO 2 re-
duction. 125 This combined system affords a visible-light-driven
catalytic system for CO 2 -to-CO conversion in a near-neutral
aqueous solution with a selectivity of over 90%. The control
experiments revealed that the strong attachment between the Ni
molecular catalyst and the quantum dots is essential. Lin and
co-workers developed a facile photocatalytic system consisting
of a nickel complex Ni(bpy) 3 Cl 2 as CAT ( 165 ; Fig. 26 ) and
CdS as PS. 252–253 The main product CO was obtained under
visible-light irradiation for 2 h. The selectivity reached as high
as 81.25%, approximately six times more than that without 165
( Table 2 , entry 50). A quantum yield of 1.68% was achieved under
λ = 420 nm light irradiation. 252 

Metal complexes with porphyrin and porphyrin-like 

ligands 
As described in the section of electrochemical CO 2 reduction,
metal porphyrins, especially Fe porphyrins, have been extensively
investigated as electrocatalysts for CO 2 reduction. Because they
show strong absorption in visible light region, which is sensitive to
the oxidation states of the metals and ligands, metalloporphyrins
are suitable for the detection of reactive intermediates in catalytic
CO 2 reduction cycle by electronic absorption spectroscopy. 10 

In the past decades, scientists have systematically studied the
effect of the substituents on the phenyl groups of porphyrin com-
plexes on the photocatalytic efficiency. Many effective porphyrin
complexes, in particular Fe tetraphenylporphyrin complexes
35 
and its derivatives with modified ligands, were designed for
photochemical CO 2 reduction under visible light irradiation. 

The first Fe porphyrins for photocatalytic CO 2 reduction
was reported by Neta et al. in 1997. 254 Photoexcitation of a
DMF/TEA (5%) solution containing photocatalysts 78 ( Fig. 8
and 27 ) led one-electron reduction of Fe III to Fe II . The Fe II 

species could be further reduced to Fe I by TEA. Disproportiona-
tion of two Fe I intermediates produces Fe III and the catalytically
active Fe 0 species, by which the main product of photochemical
CO 2 reduction is CO, with a TON of 70 ( Table 2 , entry 51). How-
ever, the porphyrin ring rapidly converted into the corresponding
chlorin structure, which is followed by further photochemical
decomposition. Neta and co-workers then synthesized a cationic
Fe porphyrin ( 166 ; Fig. 27 ) in which N-methyl was attached
to four benzene rings. By 166 , the reduction of CO 2 generated
CO in an pH 8.8 aqueous solution containing NaHCO 3 and
TEA. 254 However, the whole CO 2 photoreduction proceeds with
extremely low efficiency because photochemical reduction of the
Fe porphyrins was very slow. To address this problem, Neta and
co-workers introduced p -terphenyl as the PS to the system. 255 

The standard reduction potential of the one-electron reduced
species (OERS) of p -terphenyl was negative enough ( −2.45 V
vs SCE in dimethylamine) to reduce the Fe II P species ( −1.05 V
vs SCE for 78 , −1.02 V vs SCE for 167 , and −1.00 V vs SCE
for 168 ) and Fe I P ( −1.66 V vs SCE for 78 , −1.61 V vs SCE for
167 , and −1.55 V vs SCE for 168 ; Fig. 27 ) to form the corre-
sponding Fe 0 P species. The FeP system exhibits 10 times higher
photocatalytic efficiency than those without p -terphenyl. By
using p -terphenyl as PS, Fe tetrakis(3-methylphenyl)porphyrin
( 169 ; Fig. 27 ) was also able to photochemically reduce CO 2 in
homogeneous solutions. 255 , 256 

In 2014, Robert and co-workers reported two ligand-modified
Fe porphyrins ( 79 and 81 ; Fig. 8 and 27 ) . They are derived
from the parent catalyst 78 ( Fig. 27 ). Both catalysts are active
for photochemical ( λ > 280 nm) CO 2 reduction in CH 3 CN
solution. After photocatalysis for 1 h, the CO selectivity reaches
93% for 79 and 76% for 81 ( Table 2 , entries 53 and 56). These
results demonstrate the crucial role of the phenol substituents
on phenyl rings in orienting the photocatalysis toward CO 2 
reduction. 257 In contrast, for 78 , H 2 is the main reduction
product under the same irradiation conditions ( Table 2 , entry
52), 257 probably owing to its much more negative standard redox
potentials ( E 

0 (Fe I /Fe 0 ) = −1.67 V vs SCE in DMF) 258 and
the absence of phenyl ring substituents to stabilize intermediate
species involved in hydrocarbon production. The better catalytic
performance of 79 and 81 for CO formation may be owing to
their internal phenolic groups which can stabilize and protonate
the CO 2 adduct formed with Fe(0) via intramolecular H-bonds.
Robert and co-workers further explored the influence of PS
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 27. Fe complexes based on porphyrin ligands as molecular catalysts for photochemical CO 2 reduction. 

Fig. 28. Fe phthalocyanine and corroles as molecular catalysts for photochemical CO 2 reduction. 
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H  
n photocatalytic performance. Using complex 79 as CAT, 9-
yanoanthracene (9-CNA; Fig. 19 ) as an inexpensive organic
hotosensitizer, the conversion of CO 2 to CO showed 100%
electivity and a maximum TON of 60 ( Table 2 , entry 54). 259 

hen 9-CNA was replaced with Ir(ppy) 3 , a TON of 140 and
electivity of 93% for CO were obtained ( Table 2 , entry 55).

oreover, the catalyst and sensitizer are robust for a long period
 t > 50 h). 259 

In 2017, Robert group further found that the Fe tetraphenyl-
orphyrin 82 ( Fig. 8 and 27 ) functionalized with four trimethy-

ammonium groups at the para positions of the phenyls is
n efficient and selective molecular electrocatalyst for CO 2 
eduction. 27 , 176 In the presence of fac -Ir(ppy) 3 and TEA, the
eduction of CO 2 by 82 produces CO, CH 4 and H 2 with TONs
selectivity) of 367 (78%), 79 (17%) and 26 (5%), respectively
 Table 2 , entry 57). Besides, Robert and co-workers found that
2 is water soluble and acts as a homogeneous molecular catalyst

o selectively reduce CO 2 to CO with the assistance of an organic
hotosensitizer purpurin. 260 In this system, CO is produced with
 selectivity of 95% and TON CO 

of 60 ( Table 2 , entry 58),
 l lustrating the possibi lity of photocatalyzing CO 2 reduction in
queous solution using visible light. Recently, upon visible light
rradiation, Robert and co-workers found that photochemical
eduction of CO 2 has also been achieved using 82 as CAT,
Ir(ppy) 2 bpy] + as PS in aqueous conditions (CH 3 CN/H 2 O
:v = 3:7). The main product was again CO while 9% of CH 4 
as produced simultaneously ( Table 2 , entry 59). 261 
36 
Fe phthalocyanine ( 170 ; Fig. 28 ) and Fe corroles ( 171
nd 172 ) also exhibited photocatalytic activity for CO 2 -to-CO
onversion. 262–264 For 170 , the TON CO 

was not as high as that of
ther Fe porphyrin derivatives even in the presence of p -terphenyl
s PS (entries 60–61 in Table 2 ). 262 For 171 and 172 (entries
2–63 in Table 2 ), the photocatalytic activities (TONs = 40–
00) were comparable to that of 78 under the same conditions
 Table 2 , entry 51). 263 

Co porphyrin 98 ( Fig. 12 and 29 ) and its derivatives 173
nd analogues Co phthalocyanine 174 ( Fig. 29 ) were studied
or photocatalytic CO 2 reduction by Neta, Fujita, Gross, and co-
orkers ( Table 2 , entries 64–66). 255 , 262–263 , 265 , 266 In 1998, they

eported that Co porphyrin 98 was able to convert CO 2 into
O and formate in the presence of TEA as the SD in CH 3 CN
nder UV/Vis light irradiation ( λ> 320 nm). 265 After irradiation
f 200 h, the system produced formate (TON > 220) and CO
TON = 80) with a total TON of more than 300 ( Table 2 ,
ntry 64). 265 Electrochemical, photochemical and spectroscopic
tudies revealed that the [Co 

0 P] species (P = porphyrin) was
he active intermediate towards CO 2 binding and transformation.
he Co 

0 P species is generated through successive photoreduc-
ion of [Co 

II P] and [Co 

I P] by TEA. The Co porphyrin 173 can
lso be used to produce CO, and its photocatalytic efficiency
as comparable to that of the corresponding Fe porphyrin 169
 Table 2 , entries 65 and 66). 255 , 256 

In 2016, Ye and co-workers selected Zr 6 O 4 (OH) 4 (TCPP-
 2 ) 3 [MOF-525, TCPP = 4,4 

′ ,4 

′ ’,4 

′ ”-( porphy rin-5,10,15,20-
DOI: 10.1016/j.enchem.2020.100034 
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Fig. 29. Co porphyrin and its derivatives as molecular catalysts for photochemical CO 2 reduction. 

Fig. 30. 3D network of MOF-525-Co ( 175 ) featuring a highly porous framework and incorporated active Co sites. Reproduced with permission. 268 

Copyright 2016, Wiley-VCH. 

Fig. 31. Left: Structure of g -C 3 N 4 /FeTCPP heterogeneous catalyst system. Reproduced with permission. 269 Copyright 2018, Elsevier. Right: Proposed 
transfer process of photogenerated electrons for the porphyrin-graphene composite. Reproduced with permission. 270 , 271 Copyright 2014, Royal Society 
of Chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tetrayl) tetrabenzoate] as a MOF matrix. 267 After incorporation
of Co, the resulting MOF-525-Co ( 175 ; Fig. 30 ) can selectively
capture and reduce CO 2 to CO by visible light. 268 175 comprises
atomically dispersed catalytic centers and thus exhibits signifi-
cantly enhanced photocatalytic conversion of CO 2 , a 3.13-fold
improvement in CO evolution rate (200.6 μmolg −1 h 

−1 ) and
a 5.93-fold improvement in CH 4 generation rate (36.67 μmol
g −1 h 

−1 ) compared with the empty matrix MOF-525 ( Table 2 ,
entries 68–69). 268 Experimental and theoretical investigations
revealed that the single Co atoms in the MOF greatly boost
the electron-hole separation efficiency in porphyrin units and
therefore dramatically improve the photocatalytic performance
of CO 2 reduction. 

Recently, He and co-workers reported that the integra-
tion of carbon nitride nanosheet ( g -C 3 N 4 ) and Fe tetra(4-
carboxylphenyl)porphyrin chloride (FeTCPP 176 ; Fig. 31 )
molecular catalyst achieved CO generation with selectivity up
37 
to 98% by visible-light driven CO 2 reduction ( Table 2 , entry
70). 269 More interestingly, thin film photocatalysts constructed
by merging Co tetrahydroxyphenyl porphyrin 177 and graphene
proceeded well for CO 2 reduction under visible light, yielding
CH 4 and C 2 H 2 through selectively transfer of photogenerated
electrons from graphene to CO 2 rather than to H 2 O ( Fig. 31 ;
Table 2 , entry 71). 270 , 271 The cooperation effect of graphene
and Co complex provides a potential approach for generating
multicarbon chemicals from CO 2 reduction. 

Metal complexes with nonplanar N 4 ligands 
Besides Co complexes featuring planar trans structures such
as Co-macrocycle, Co-quaterpyridine, and Co-porphyrin com-
plexes, Co complexes supported by nonplanar tetradentate
N 4 ligands were also reported for photocatalytic CO 2 -to-CO
conversion with high TON and selectivity. In 2015, Chan et al.
found [Co(TPA)Cl] + ( 178 ; Fig. 32 ) containing a tetradentate
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 32. Co complexes based on nonplanar N 4 ligands as molecular catalysts for photochemical CO 2 reduction. 
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ripodal ligand (TPA = tris(2-pyridy lmethy l)amine) was able
o catalyze CO 2 -to-CO conversion using fac -Ir(ppy) 3 as the
S and TEA as the SD in CH 3 CN, with a selectivity of 85%
nd a TON CO 

of 953 ( Table 2 , entry 72). 272–274 Then, a
ovel dinuclear cis -Co 

II complex 179 ( Fig. 32 ) supported by a
odified N 4 ligand derived with TPA was reported in 2018. 275 

n contrast to 178, 179 contains an oxygen atom at the cis-
oordination site. Experiments on the photocatalytic reduction of
O 2 revealed that 179 as the CAT can convert CO 2 to CO and

ormate ( Table 2 , entry 73). 275 DFT calculations revealed that
he oxygen atom at the cis-coordination site plays an important
ole in CO 2 -to-CO and CO 2 -to-HCOOH conversions during
hotocatalysis. 

In 2016, Che and co-workers reported a series of novel cis -
Co(N 4 )Cl 2 ] complexes ( 180–183 ; N 4 = nonplanar N 4 ligands;
ig. 32 ) for photocatalytic CO 2 reduction ( Table 2 , entries
4–78). 276 These complexes adopt octahedral cis -coordination
eometry in the solid state with two chloride ligands at cis po-
itions. They found the photocatalytic performance of these Co
omplexes for CO 2 reduction was highly affected by the N 4 ligand
tructure. Complex 180 with a more flexible tetradentate ligand
PDP = 1,1 

′ -bis(2-pyridinylmethyl) −2,2 

′ -bipyrrolidine showed
he highest activity and selectivity for photocatalytic CO 2 -to-CO
onversion in a DMF system containing fac -Ir(ppy) 3 as the PS
nd TEA as the SD. A TON CO 

of 368 and selectivity of 95%
ere obtained after 60 h of visible light irradiation ( Table 2 , entry
4). 276 Electrochemical and spectroscopic studies demonstrated
hat the Co 

I species generated by photoinduced electron transfer
rom excited fac -Ir(ppy) 3 to 180 is the active species for CO 2 
inding. DFT calculations revealed that the protonation process
f [Co(CO 2 )LCl] 0 to give [Co(COOH)LCl] + is exothermic
 � G 

0 = −2.9 kcal mol −1 ) in comparison to the same process
n the absence of chloride at Co ( � G 

0 = + 24.1 kcal mol −1 ).
he findings highlight the important role of cis -chloride at the
o center for CO 2 transformation. In addition, Wang and co-
orkers investigated the catalytic performance of two cis -Co

omplexes ( 184 and 185 ; Fig. 32 ) in a photocatalytic CO 2 
eduction system using fac -Ir(ppy) 3 as the PS and TEA as the
D. 277 , 278 Both complexes were based on the same N 4 ligand but
ifferent halide ligands from complex 185 ( Fig. 32 ). They found

hat two catalysts exhibited different performance in catalyzing
O 2 -to-CO conversion under the same conditions. The rate of
O production by 185 (TON CO 

= 102, entry 82 in Table 2 ) was
38 
aster than that by 184 (TON CO 

= 56, entry 79 in Table 2 ) in
he first 12 h of irradiation, indicating the influence of halogen
igands on CO formation. However, 184 was more stable and
btained a higher total TON CO 

of 470 than 185 with a TON CO 

of
03 after 48 h of photocatalysis ( Table 2 , entries 80 and 82). 277 

pectroscopic and electrochemical studies revealed that the rate
onstant and free energy change of the photoinduced electron
ransfer (PET) process by 185 are larger than those by 184 . 

Tetradentate tripodal compounds, typical nonplanar N 4 lig-
nds with C 3 symmetric axes, usually bind metals to form five-

coordinated mononuclear metal complex. 172 , 173 , 279 The solvent
olecule at the axial position can be replaced by a CO 2 
olecule during the catalytic process. Thus, complexes with

etradentate tripodal ligands can act as catalysts for photocat-
lytic CO 2 reduction. Recently, our group developed a series
f Co complexes with tetradentate tripodal ligands ( 186–
95 ; Fig. 33 ) through ligand modification and constructed
fficient and durable photocatalytic systems for CO 2 reduc-
ion. 14 , 30 , 31 , 174 , 280 , 281 Initially, a Co(II)-based mononuclear cat-
lyst [Co(NTB)CH 3 CN](ClO 4 ) 2 ( 186 ; Fig. 33 ) supported
y a new tetradentate tripodal ligand NTB (NTB = tris -
benzimidazolyl-2-methyl)amine) with electron-rich benzimi-
azol groups was developed, which yields a TON CO 

of 1179
nd selectivity of 97% in a water-containing (CH 3 CN/H 2 O,
 / v = 4:1) system using 0.4 mM [Ru(phen) 3 ](PF 6 ) 2 as the
S and TEOA/TEA as the SD ( Table 2 , entry 83). 173 186
xhibits a better catalytic activity than the previously reported
atalyst 178 (TON CO 

= 686; Table 2 , entry 84) under the
ame conditions, which is explained by electrochemical results
hat 186 has a more positive onset potential for electrochemical
O 2 reduction ( −0.65 V vs NHE) than 178 ( −0.92 V vs
HE). This is probably because the benzimidazol group of
TB in 186 is more electronic donating than the pyridyl

roup of TPA in 178 . Later, we designed another tripodal
igand complex [CoL(CH 3 CN)](ClO 4 ) 2 ( 187 ; (L = tris[2-
 iso -propylamino)ethyl]amine; Fig. 33 ), by which the reduction
f CO 2 yielded a TON CO 

of 44,800 and a CO selectivity
f 97% with TEA as the SD ( Table 2 , entry 85). 174 It is
oteworthy that the catalytic efficiency of the photocatalytic
eduction of CO 2 by 187 is over seven-fold compared with that
y 188 ( Fig. 33 ) based on a similar tripodal ligand ( Table 2 ,
ntries 86–87). This is presumably due to the smaller steric
indrance of isopropyl groups in 187 compared with benzyl
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 33. Co complexes based on nonplanar N 4 ligands as molecular catalysts for photochemical CO 2 reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

groups in 188 . Small steric hindrance is beneficial for both
CO 2 binding to catalytic center Co 

II in 187 and electron
transfer between the excited PS and catalyst 187 . 215-216 , 282 

Based on the above-mentioned works, we further designed and
synthesized three tripodal ligands with different conjugate groups
and their corresponding Co complexes ( 189–191 ; Fig. 33 ). 280 

Anthry lmethy l-substituted 189 and naphthylmethyl-substituted
190 possess higher efficiency than phenyl-methyl-substituted
191 for photocatalytic CO 2 -to-CO conversion ( Table 2 , entries
88–90), with TON and TOF of 58,000 and 1.61 s −1 for 189 ,
and 49,200 and 1.37 s −1 for 190 , respectively. Complexes 189
and 190 also display higher CO selectivity ( ≥ 97%) than 191 . 280 

Control experiments and DFT calculations revealed that the
excellent catalytic performances of 189 and 190 can be ascribed
to the extended conjugation substituents in ligands, which endow
the Co 

II catalytic center with low reduction potential, accelerate
the intermolecular electron transfer, and thus dramatically boost
the CO 2 -to-CO conversion. 

With excellent electrocatalytic performance, the electrocata-
lysts 102–105 ( Fig. 13 ) reported by our group were also active for
photocatalytic CO 2 reduction ( Table 2 , entries 91–95). 175 102–
105 can reduce CO 2 to CO with high selectivity over 97%. More
importantly, the catalytic efficiency of 102–104 was gradually
39 
improved with the increase of quinolinyl group and 104 possesses
the highest TON value of 10,650 and CO selectivity of nearly
100% ( Table 2 , entry 94). The slightly lower catalytic efficiency
of 105 may be attributed to the steric hindrance of quinolinyl
groups. 

Besides mononuclear Co(II) complexes, we also tried to
develop dinuclear Co(II) complexes to exploit the dinuclear
metal synergistic catalysis (DMSC) for CO 2 reduction. Recently,
we designed a dinuclear Co cryptate complex ( 192 ; Fig. 33 ). 14

In 192 , two Co centers are confined within a bis-N 4 cryptand
ligand by coordination. Due to the DMSC effect between two
Co(II) centers, 192 exhibits a strong ability to absorb and fix
CO 2 , and shows outstanding activity for photochemical CO 2 -
to-CO conversion, with a high TON CO 

value of 16,896 and
a selectivity of 98% ( Table 2 , entry 96). These values are
much higher than those of the corresponding mononuclear
analogue 188 under the same conditions ( Table 2 , entry 87).
The experimental results and DFT calculations showed that
the excited state [Ru(phen) 3 ] 2 + ∗ in the catalytic system was
effectively oxidatively quenched by 192 and the high catalytic
efficiency is attributed to the synergistic catalysis effect between
two Co 

II ions in 192 . A reaction pathway was proposed in Fig. 34 .
Firstly, 192 fixes CO 2 to form 192a which then undergoes a
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 34. Catalytic mechanism of 192 for the visible-light driven reduction of CO 2 to CO. Reproduced with permission. 14 Copyright 2017, Wiley-VCH. 
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roton-coupled electron transfer (PCET) to generate Co 

II Co 

I 

pecies 192b . Next, 192b is protonated and then releases H 2 O
o give 192c. 192c is converted into 192d via transition state
S1-1. Then, 192d undergoes a second PCET process to give
92e . The C 

–OH bond in 192e is cleaved via TS2-1 to form
92f . Finally, the catalytic cycle completes via 192f releasing
 CO. The electrons of two PCET processes are delivered by
hotogenerated [Ru 

I (phen) 3 ] + ( E 

0 = −1.16 V vs NHE). Based
n these results, we proposed that during the photochemical
O 2 -to-CO conversion by 192 , the two Co(II) centers work

ynergistically, where one acts as a catalytic center to reduce CO 2 ,
nd the other serves as an assistant catalytic site to facilitate the
emoval of the OH group. 

To further confirm and take advantage of the DMSC, we
esigned a dinuclear hetero-metallic cryptate complex ( 193 ;
ig. 33 ), in which one Co 

II in 193 was replaced by a Zn 

II . 30 

e have found that the dinuclear heterometallic complex 193
as an even larger TON CO 

value of 65,000 ( Table 2 , entry 98)
han 192 (TON CO 

= 17,000, entry 97 in Table 2 ) and 188
TON CO 

= 1500, entry 99 in Table 2 ) for photocatalytic CO 2 
eduction under the same conditions. 30 The greatly enhanced
atalytic activity of 193 can be ascribed to significantly strength-
ned DMSC effect between Co 

II and Zn 

II , where the stronger
inding affinity to OH 

− of Zn 

II greatly promotes the C −OH
leavage of the O 

= C −OH intermediate and thus significantly
nhances the photocatalytic activity of 193 for CO 2 reduction
o CO. These results provide a new strategy for the design and
ynthesis of outstanding catalysts for CO 2 -to-CO conversion,
nd the concept of DMSC wi l l greatly boost the developments
f “artificial photosynthesis” and other catalytic fields. 

To further improve the catalytic performance for CO 2 reduc-
ion via DMSC, we designed and synthesized a new cryptand
o tune the distance between the two metal centers in dinuclear
ryptate complexes. Unexpectedly, only a mononuclear cryptate
 194 ; Fig. 33 ), rather than dinucelar cryptate, was obtained. 281 

or comparison, a corresponding tripodal complex ( 195 ; Fig. 33 )
 T  

40 
as also synthesized. It was found that cryptate complex 194 ,
ith the active Co 

II center encapsulated within its cavity,
ossesses higher catalytic activity than the tripodal complex 195

or photocatalytic CO 2 -to-CO conversion, with the TON CO 

and
O selectivity of 33,792 and 98% for 194 ( Table 2 , entry 100),

nd 18,656 and 97% for 195 ( Table 2 , entry 102), respectively. 281 

ven under flue-gas condition (CO 2 /Ar = 10/90), 194 sti l l
xhibits high activity (TON CO 

= 600) and selectivity (95%)
or photochemical CO 2 -to-CO conversion ( Table 2 , entry 101).

ontrol experiments and DFT calculation results demonstrate
hat the enhanced catalytic activity of 194 can be ascribed to its
nique structure, which provides the low reduction potential of

he catalytic center Co 

II and the low energy barrier of catalytic
ransition states. 

etal complexes with N-heterocyclic carbene ligands
he electrochemically active N-heterocyclic carbene complexes
 110 –114 ; Fig. 14 ) have also been found photochemical catalytic
onversion of CO 2 into CO. 28 Systematic changes in the carbene
nd amine donors of the ligand have been surveyed through
igand modification. Encouraged by the high performance in
lectrocatalysis, Chang et al. also utilized the aforementioned Ni
-heterocyclic carbene-isoquinoline complex 110 as a catalyst

or photochemical CO 2 -to-CO conversion in the presence of
 large excess fac -Ir(ppy) 3 ( E 1/2 

red = −1.73 V vs SCE) as the
S (0.2 mM) and TEA as the SD under a simulated solar light

rradiation in CH 3 CN solution. 110 exhibits high selectivity
o CO, as no H 2 and only a small quantity of CH 4 were
etected. The TON of 110 for CO is significantly enhanced with
ecreasing catalyst concentrations and reaches a maximum value
f 98,000 based on 2 nM CAT ( Table 2 , entry 103). 28 The
echanistic studies revealed oxidative quenching of photoexcited

ac -Ir(ppy) 3 by 110 . 
Recently, Papish et al. designed and synthesized a Ni(II)

omplex ( 196 ; Fig. 35 ) supported by CNC pincer ligand. 283 

hey found that a single remote atom change from H ( 120 ;
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 35. Ni complexes based on N-heterocyclic carbene ligands as molecular catalysts for photochemical CO 2 reduction. 

Fig. 36. Ni complexes ( 197 and 198 ) based on sulfur ligands as molecular catalysts for photochemical CO 2 reduction. Left: Reproduced with 
permission. 285 Copyright 2017, American Chemical Society. Right: Reproduced with permission. 32 Copyright 2019, American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figs. 15 and 35 ) to O ( 196 ) on the pincer CNC ligand resulted
in a dramatic increase in catalytic activity for CO 2 reduction.
In CH 3 CN solution with Ir(ppy) 3 , BIH, and TEA saturated
with CO 2 , 196 gives a TON CO 

of 10.6 when irradiated with
approximate natural sunlight over 6 h ( Table 2 , entry 104).
Under identical conditions, 120 gives a TON CO 

of only 0.09
( Table 2 , entry 105). This efficiency difference highlights the
critical role of a remote O 

− group on catalytic activity. This
study shows that remote atom substitution on a ligand can
greatly influence catalytic performance. Furthermore, 196 was
found to be protonated or deprotonated reversibly in situ to
switch on or off the photocatalytic performance towards CO 2 
reduction. 283 

Metal complexes with sulfur/bridging ligands 
Metal complexes based on multidentate ligands containing
thioether-sulfur atoms as metal-binding sites can be expected
to improve activity for CO 2 reduction by stabilizing both
intermediate and products in the catalytic cycle. With
this idea, Kojima and co-workers developed a Ni complex
[Ni(bpet)(CH 3 CN) 2 ] 2 + ( 197 ; bpet = bis(2-pyridy lmety l)-
1,2-ethanedithiol ; Fig. 36 ), in w hich the Ni center and the
S-coordinating sites resemble the NiFe 4 S 4 cluster as in natural
CO dehydrogenases (CODHs). 284 It was found that 197 can be
used as a molecular catalyst for highly selective photochemical
CO 2 -to-CO conversion in the presence of [Ru(bpy) 3 ]Cl 2 as the
PS and BIH as the SD in a DMA/H 2 O solution mixture (9:1
v / v ) under a CO 2 atmosphere, with a TON of over 700, a CO
selectivity of > 99% and a quantum yield of 1.42% ( Table 2 , entry
106). 285 Further investigations indicated that the photo-excited
PS is reductively quenched by BIH to generate the [Ru(bpy) 3 ] + 

species which drives the Ni II/0 reduction. Electrochemistry result
41 
shows that the small potential difference between Ni I and Ni °
could be attributed to the stabilization of Ni 0 species by the
S coordination. In 2019, Kojima and co-workers developed a
novel Ni complex [Ni(bpet-py 2 )(H 2 O) 2 ] 2 + ( 198 , Fig. 36 ))
supported by a S 2 N 2 -tetradentate ligand (bpet-py 2 = Bis-[5-
(3-pyridy lmethy l)-2-pyridy lmethy l]-1,2-ethanedithiol) with
two noncoordinating pyridine groups (bpet-py 2 = Bis-[5-(3-
pyridy lmethy l) −2-pyridy lmethy l] −1,2-ethanedithiol). 32 They
found that complexes 197 and 198 displayed a similar activity
for photocatalytic CO 2 reduction in the absence of Mg 2 + ions
( Table 2 , entries 107 and 109). However, the addition of Lewis-
acidic Mg 2 + ions greatly boosted the CO 2 -to-CO conversion.
Particularly for 198 , the activity was 4 times higher in the
presence of Mg 2 + ions than that in the absence of Mg 2 + ions
( Table 2 , entries 109–110). The quantum yield of 198 for CO
formation reached 11.1%, over 3 times higher than that of 197
(3.3%). The experimental and DFT calculation results indicated
that the better catalytic activity of 198 over 197 derived from the
noncoordinating pyridine arms in the ligand of 198 , which could
capture Mg 2 + ions. The Ni(II) and Mg(II) centers cooperately
contribute to stabilize the Ni-CO 2 intermediate, leading to the
improvement of CO 2 reduction. 32 

Coupling the catalyst with the PS via a bridging ligand to
obtain supramolecular photocatalysts is an effective approach
to accelerate energy and electron transmission, thus boosting
the catalytic activity towards CO 2 reduction. 17 , 286–287 Several
supramolecular photocatalysts have been reported. The first
one, Ru( phen) 2 ( phen-Ni(cyclam)](ClO 4 ) 4 ( 199 ; Fig. 37 ), was
reported by Kimura et al. in 1992. 40 199 is a typical example
of supramolecular photocatalyst composed of a [Ru(phen) 3 ] 2 + 

derivative as the PS unit and [Ni(cyclam)] 2 + as the CAT unit.
This combined Ru-Ni supramolecular photocatalyst shows good
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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Fig. 37. Supramolecular photocatalysts for photochemical CO 2 reduction. 
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tability and catalytic activity for photocatalytic CO 2 reduction. 40 

he selectivity for CO of 72% ( Table 2 , entry 111) was higher
han that of the physically mixed system comprising the corre-
ponding model complexes [Ru(phen) 3 ] 2 + and [Ni(cyclam)] 2 + 

36%, Table 2 , entry 112). 17 , 40 However, the productivity and
electivity are sti l l modest, presumably because the introduc-
ion of a methyl in the periphery of Ni(cyclam) 2+ significantly
ecreases the catalytic efficiency. Therefore, another Ru-Ni
upramolecular photocatalyst where the 3 

′ -position of cyclam
as substituted by a pyridinium derived [Ru(bpy) 3 ] 2 + ( 200 ;
ig. 37 ) was developed ( Table 2 , entry 113), and four other
onomeric pyridinium derivatives of Ni(cyclam) 2 + ( 201–204 ;

ig. 37 ) were also synthesized for comparison. 288 Photocatalytic
xperiments demonstrated that Ru-Ni complex 200 is not an
fficient catalyst for CO 2 reduction as it is cleaved in the presence
f a reductant and light. However, surprisingly, monomeric
i(c yclam) 2 + species w ith pyridinium pendants ( 201–204 )

isplay significantly better activity and selectivity than the parent
i(cyclam) 2 + ( 7 ; Fig. 2 ), with the order of 7 < 201 < 202 < 204
 203 , presumably because the pendant pyridinium groups can

erve as the electron acceptor and/or the electron storage during
atalysis. In order to further activate the cyclam-nickel centers
y visible light, Aukauloo et al. developed a new supramolecular
hotocatalysts ( 205 ; Fig. 37 ) for CO 2 reduction in 2014. In 205 ,
 ruthenium trisbipyridyl-like unit covalently attaches to a nickel
 yclam v ia a triazole ring. 289 In aqueous solutions (pH = 6.5),
ctivation of the Ru 

II –Ni II modular assembly with 450 nm visible
ight in the presence of ascorbate as a SD accomplishes the
eduction of CO 2 and yields CO and H 2 in a ratio of 2.7 to 1 with
 TON CO 

of 5.2 and a TON H2 of 2 ( Table 2 , entry 114). 289 

In 1999, Komatsuzaki et al. reported three bimetallic
upramolecular photocatalysts ( 206–208 ; Fig. 37 ) , which
onsist of a [Ru(bpy) 2 (phen)] 2 + -type complex as the PS
nit and a Ni(II) or Co(III) polypyridyl complex as the
AT unit. 290 206 produced almost equivalent amounts of
O and H 2 (TON CO 

= TON H2 = 2; Table 2 , entry 115),
hereas the mixed system ([Ru(bpy) 3 ] 2 + + [Ni(bpy) 3 ] 2 + )
ainly produced CO (TON CO 

= 2, TON H2 < 1; Table 2 ,
ntry 116). The photocatalytic performance of the Ru(II)-

Co(III) supramolecular photocatalysts ( 207 , TON CO 

= 3,
ON H2 = 1, entry 117, Table 2 ; 208 , TON CO 

= 5, TON H2 = 1,
42 
able 2 , entry 118) were lower than that of a mixed system
f the corresponding model complexes, [Ru(bpy) 3 ] 2 + and
Co(bpy) 3 ] 3 + (TON CO 

= 9, TON H2 = 16; Table 2 , entry 119).
lthough the stability and selectivity are slightly superior to

ystems based on physically mixing of PS and CAT complexes,
hese three bimetallic systems catalyze the photoreduction
f CO 2 to CO very inefficiently. In 2017, a series of Ru-

Co supramolecular photocatalysts ( 209–213 ; Fig. 38 ) were
ynthesized and tested for photochemical reduction of CO 2 to
O. 291 As shown in Fig. 38 , these five Ru-Co complexes differ

rom each other in the Co coordination sphere, Ru coordination
phere, or the linker between Ru and Co units. The best systems
re those using a CAT unit in which the Co center is coordinated
y three diimine ligands, such as 209, 211 and 213 , with TON
alues of about 50–70 for CO after 8 h irradiation using a 300 W
e lamp ( λ > 415 nm) in the presence of BIH as the SD in a
H 3 CN/TEOA ( v / v = 5:1) solvent mixture ( Table 2 , entries
20, 122 and 124). 291 Interestingly, when the aromatic linker

s a t Bu-phenol ( 213 ), slightly better stability was observed as
ompared to 209 and 211 with a phenyl linker, since CO and H 2 
ormation were sti l l observed after 16 h of reaction (TON CO 

= 70
nd TON H2 = 39; Table 2 , entry 124). In contrast, when the
o center is penta-coordinated with a terpyridine ligand as in

omplexes 210 and 212 , poor catalytic efficiency was observed
 Table 2 , entry 121 and 123). The physically mixed system
onsisting of [Ru(bpy) 3 ] 2 + as the PS and [Co(phen) 3 ] 2 + as
he CAT gives larger TOF values but it is much less selective
nd stable under the same conditions ( Table 2 , entry 125). Very
ecently, Ishitani, Fabry and co-workers reported a binuclear
nd a trinuclear Ru(II)-Mn(I) supramolecular photocatalysts
or CO 2 reduction ( 214 –215 , Fig. 38 ). 292 They found that
14 with one Ru(II) PS unit and Mn(I) CAT unit showed
igher efficiency for HCOOH formation (TON HCOOH 

= 98 and
ON CO 

= 29; Table 2 , entry 126) than the corresponding
ixed system containing [Mn(MeRes)(CO) 3 Br] and

Ru(dmb) 3 ] 2 + (TON HCOOH 

= 90 and TON CO 

= 11;
able 2 , entry 128). In marked contrast, 215 with two
u(II) PS unit and Mn(I) CAT unit displayed lower efficiency

TON HCOOH 

= 33 and TON CO 

= 18; Table 2 , entry 127) due to
low intramolecular electron transfer from the PS unit to the CAT
nit. 292 
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Fig. 38. Ru-Co and Ru-Mn supramolecular photocatalysts for photochemical CO 2 reduction. 

Fig. 39. Synthesis of the Zr-DMBD-Co-x catalysts for photochemical CO 2 reduction. Reproduced with permission. 31 Copyright 2019, Wiley-VCH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MOFs could be used as supports to anchor active sites for
photocatlaytic CO 2 reduction. We developed a series of catalysts
Zr-DMBD-Co-x ( 216 ; x is the weight percentage of Co(II) ions;
Fig. 39 ) by anchoring active Co(II) centers into a robust Zr-based
MOF (Zr-DMBD) with self-standing thiol ( −SH) groups. 31 The
loading amounts of Co(II) ions in Zr-DMBD is tunable (8.69,
3.11, 1.00, 0.30, 0.02, 0.002, wt%). The pores of the prepared
216 are modified by well-defined Co-thiolate units (Co −S)
and possess suitable pores capable of CO 2 adsorption. In the
optimized photocatalytic system, 14 , 30 , 175 the sample Zr-DMBD-
Co-0.002% displays highly efficient and selective photocatalytic
CO 2 -to-CO conversion in the presence of [Ru(phen) 3 ](PF 6 ) 2 
as the PS and TEOA as the SD under visible-light irradiation
in a water-containing system (CH 3 CN/H 2 O, v / v = 4:1). The
TON CO 

and CO selectivity reach as high as 97,941 and 98%,
respectively ( Table 2 , entry 129). 31 Compared with previous
43 
reported MOF-based catalysts for photochemical CO 2 reduction,
this catalyst exhibits the highest efficienc y, activ ity, as well as
atomic economy. 

Hundreds of molecular catalysts for photocatalytic CO 2 
reduction have been introduced above. It is necessary to point
out that the photocatalytic activity belongs to the result of
synergistic effect among catalyst, photosensitizer, and sacrificial
agent in a catalytic system. Therefore, any description that
only emphasizes the activity of catalysts may not be suitable.
In addition, many researchers often use high TON values to
evaluate the performance of catalysts. In fact, almost all the
photocatalytic systems listed in Table 2 contain large excess
amounts of photosensitizer. In this case, the TON values are less
meaningful for the catalysts. Just reporting high TONs and at the
same time ignoring the concept of photocatalysis highly mislead
for the community. The comparison of TONs is meaningful only
DOI: 10.1016/j.enchem.2020.100034 
EnergyChem 2 , 100034 (2020) 
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or the similar catalytic systems, by which the relative activity of
atalysts can be distinguished. 

CONCLUSION AND OUTLOOK 

n this review, from the ligand perspective, we have discussed
urrent development of non-noble metal molecular catalysts for
oth electrochemical and photochemical CO 2 reduction. It can
e seen that the catalytic performance of a large number of non-
oble metal complexes can be improved via ligand modification,
hich strongly evidenced that the ligand modification is an effec-

ive strategy to enhance the catalytic performance of molecular
atalysts. Although an applicable catalytic system with perfect
erformance has not been reported, with continuous efforts of
esearchers, the way to get so perfect catalysts is closer and closer.
o obtain ideal molecular catalysts for CO 2 reduction, several
spects could be suggested based on the above discussion. Firstly,
trengthening the binding of catalysts to CO 2 molecules is very
ecessary. Without binding sites to CO 2 molucules, CO 2 can
ot be concentrated around the catalysts, and it is difficult for

he catalytic centers to contact, activate and convert the CO 2 
olecules. Therefore, catalysts with ligands containing functional

roups for capturing CO 2 are much needed. Especically, if the
teric hindrance could be negeligible, such functional groups are
xpected to be near the metal centers. The closer, the better. The
igands with –OH and –NH 2 groups have been reported to be
eneficial for CO 2 capture. Secondly, the Lewis basicity of the
oordination atoms on ligand around the metal centers should
e suitable. In principle, weak Lewis basicity of the coordination
toms leads to the easy reduction of the metal center, which
i l l decrease the overpotential of electrochemical CO 2 reduction.
owever, the weaker basicity also induces the unstability of

he metal complex catalysts. Thirdly, functional groups around
he catalytic centers that can contribute to the stability of the
eaction intermediate are also desired. These groups may generate
eak interaction with the intermediate binding with the catalytic

enters, by which the reaction intermediate may further proceed
long the expected reaction direction. In addition, confinement
f the ligand is also found to be beneficial for the stability
f the reaction intermediate. Finally, we have put forward and
efinitely evidenced that the dinuclear metal synergistic catalysis
an greatly boost the photochemical CO 2 -to-CO conversion.
herefore, multidentate ligands that can bind two or more metal

enters to form compounds with conformations suitable for
ynergistically catalyzing CO 2 reduction are much expected.

ultidentate ligands are potential to extend molecular catalysts
ith single metal sites to dinuclear or polynuclear metal sites,
hich can cooperate to activate and convert CO 2 molecules. 
With definite molecular structures and designability, metal

omplexes have provided a perfect research platform for develop-
ng CO 2 reduction catalysts. The studies on molecular catalysis
or CO 2 reduction, not only aim at applicable catalysts, but also
evote to understanding activity-structure relationship to give

undamental undstanding to the catalytic reaction process at a
olecular level. In this sense, the investigation on molecular

atalysis of CO 2 redcution, in spite of challenging and difficult,
s greatly significant and meaningful. This review has thoroughly
iscussed the relationship between activity and structures of
olecular complexes in CO 2 reduction catalysts. We believe that

his rev iew w i l l give researchers new insights in catalyzing CO 2 
eduction, and more efforts wi l l be devoted to deeply studying the
atalytic mechanism of CO 2 reduction. In near future, the ligand
44 
odification strategy wi l l be dominant in development of CO 2 
eduction catalysts, especially non-noble metal catalysts. 
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