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Abstract
Electrocatalytic CO2 reduction to fuels powered by renewable electricity is a potential clean strategy to replace fossil fuels 
and address climate change caused by increasing CO2 emissions. In this work, the electrocatalytic CO2 reduction process 
was briefly introduced; the latest literature on the electrocatalytic CO2 reduction to CO by cobalt phthalocyanine (CoPc) was 
summarized. The structure, catalytic activity, and improvement strategies of CoPc were analyzed in detail. Then, the possible 
mechanism for the electrocatalytic CO2 reduction to CO was elucidated. Finally, the challenges and possible solutions of 
cobalt-based catalysts in electrocatalytic CO2 reduction were discussed. We believe it will serve as an up-to-date reference 
for the design of more efficient and stable cobalt-based catalysts for CO2 reduction, providing new insights and perspectives 
for further development of excellent catalytic materials.
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Introduction

The burning of large amounts of fossil fuels has led to a dra-
matic increase in anthropogenic carbon dioxide emissions, 
and the resulting greenhouse effect has become a global 
concern [1–3]. Various environmental problems caused by 
global climate change have made human intervention in 
carbon emissions urgent [4, 5]. For several years, the geo-
logical storage [6, 7] and molecular transformation of CO2 
[8–11] have been the main treatment technologies. However, 
geological storage may face leakage, resulting in uncertain 
long-term environmental impacts. Moreover, the high cost 
due to the difficulties inherent in the storage process hinders 
the application of storage technologies [12].

Conversely, conversion/utilization or recycling schemes 
may be a potential alternative from the point of view of 
energy demand and sustainable development. If the recy-
cling technology is powered by inexhaustible solar energy, 

CO2 is used as a redox medium through which the diffused 
solar energy is stored in the form of chemical bonds by 
reduction, and the reduction products are oxidized to obtain 
electrical energy [13].

In general, CO2 can be converted into useful compounds, 
including urea [14], alcohols [15], carboxylic acids [16], 
lactones [17], heterocyclic compounds, and polymer mate-
rials [18–20] by a variety of processes, such as chemical 
[21, 22], photochemical [23–26], electrochemistry [27–30], 
biological [31–33], or inorganic transformation [34]. Among 
them, electrocatalytic CO2 reduction reaction (CO2RR) is 
one of the most promising conversion technologies since the 
required electricity can be derived from renewable energy 
sources [35]. Electrocatalytic reduction of CO2 also has 
many inherent advantages over other conversion processes, 
such as adjustable electrode potential, controllable selectiv-
ity, environmentally friendly catalytic process at ambient 
pressure and temperature, simple reaction unit, and high 
potential for industrial applications [35–38]. Electrolytic 
equipment for electrocatalytic CO2 reduction has four com-
ponents, including an electrolyte with high electrical con-
ductivity and rapid mass transfer of reactants to the product, 
a proton membrane to reduce oxidation of the liquid product, 
a cathode and an anode coated with a highly active and dura-
ble catalyst [35].

The key to CO2 conversion is the selection of a cata-
lyst [39], which aims to decrease the energy barriers and 
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accelerate the rate of the redox [40]. Many noble metals 
with high selectivity and catalytic activity, such as gold 
[41, 42], silver [43–45], platinum [46, 47], iridium [48, 49], 
and ruthenium [50, 51], have been used in the electrocata-
lytic reduction of CO2. However, the scarcity, high cost, and 
possible losses in the reduction process of precious metals 
limit their large-scale application. As an abundant transition 
metal on earth with the aforementioned catalytic proper-
ties, cobalt is recommended as one of the most promising 
ideal substitutes for noble metals. Cobalt is a group VIII 
B element, which is very readily available in its oxidized 
state, including Co0, CoI, CoII, CoIII, and CoIV[52]. CO2RR 
mediated by cobalt catalysts typically involve a CoII to 
CoI intermediate state transition [53]. A range of cobalt-
based materials including atomic cobalt [54–57], metals 
[58–60], oxides [61–65], nitrogen-doped carbons [66–69], 
and molecular complexes [70–77] have been explored for 
CO2RR.

The major classes of molecular complexes explored for 
CO2 reduction to date include metal centers with macro-
cyclic ligands [78–80], bipyridine ligands [81–83], and 
phosphine ligands [84–86]. Among them, cobalt-containing 
macrocyclic ligands, such as cobalt phthalocyanine (CoPc) 
and cobalt tetraphenylporphyrin (CoTPP) constitute an 
attractive class of materials with distinct advantages in easy 
accessibility, chemical stability, and structural tunability 
at the molecular level [87–90]. Therefore, this work lays 
out the latest updated literature on the electrocatalytic CO2 
reduction to CO by CoPc. The structure, catalytic activ-
ity, performance improvement, and catalytic mechanism of 
CoPc were analyzed in detail, so as to provide theoretical 
support for the preparation of efficient catalysts and CO2 
emission control.

Electrocatalytic CO2 Reduction

CO2 is one of the carbon products produced by the combus-
tion of organic matter. From the thermodynamic viewpoint, 
it is a gaseous substance that does not easily destroy its 
structure [91, 92]. Its conversion is kinetically challenging 
due to the high energy barrier during the reduction process 
[93], the high overpotential, and the low Faradaic efficiency 
(FE) [55]. FE is defined as the percentage of electrons in 
the target product, which represents the selectivity of the 
product to some extent [53].

Specifically, the thermodynamic potential for the 
single-electron reduction of CO2 to CO2

•– is very high, 
reaching –1.90 V vs. standard hydrogen electrode (SHE) in 
neutral aqueous media [94, 95]. However, electrocatalytic 
CO2 reduction is a multiple proton-coupled electron trans-
fer process that produces thermodynamically supported 
species that allow the reduction reaction to occur at lower 

potentials. It has been demonstrated that various C1 and 
C2 products (e.g., CO, HCOOH, CH3CH2OH, C2H4) can 
be produced by CO2 reduction with different catalysts and 
electrolyte media [96–99].

Figure 1 provides a model diagram of the equipment 
used for electrocatalytic CO2 reduction. It usually consists 
of four main components: an inorganic salt electrolyte with 
high electrical conductivity and allowing rapid mass trans-
fer of reaction substrates and products, a proton membrane 
capable of reducing the oxidation of liquid products, a 
cathode, and an anode prepared from catalysts with high 
catalytic activity and durability and other materials[35, 
100]. The CO2 RR occurs at the catalyst-electrolyte inter-
face of the cathode when a specific voltage is applied 
to the working electrode [100]. Generally, the catalytic 
reduction process consists of four main steps. Firstly, CO2 
is adsorbed onto the surface of the catalyst-coated anode 
by physicochemical interactions; secondly, CO2 is chemi-
cally activated to CO2

•–; then, multiple electron/proton 
transfer processes occur to facilitate electrocatalytic CO2 
reduction; finally, various products are generated from the 
catalyst surface.

Table 1 lists the thermodynamic redox potentials of 
the reactions that reduce CO2 to various products [101]. 
These half-reaction potentials, which depend on the 
electrolyte medium, only illustrate the minimum thermo-
dynamic potential that enables the reaction to proceed 
[102, 103]. However, reaction kinetics, including reaction 
activation energies, reaction rates, and reaction pathways 
cannot be derived simply from thermodynamic potentials 
[36].

Fig. 1   A typical electrocatalytic CO2 reduction reaction cell 
(Reprinted from Ref. [100])
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Structure of Cobalt Phthalocyanine

Phthalocyanine compounds include three polymorphic 
forms, α-form, γ-form, and β-form, of which β-form is 
the most stable polymorph [104]. Since the development 
of metal phthalocyanines (MPcs) in 1907, they have been 
widely used in new molecular conductors, molecular mag-
nets, molecular electronic components, electrochromic, pho-
toelectric conversion, and liquid crystals functional materi-
als because of their unique optical, electrical, thermal, and 
magnetic properties [105].

In fact, many common metals (Fe, Cu, Ni, Co, Zn) can 
be neutrally coordinated with Pc molecules to form ther-
modynamically and chemically stable complexes. The 
valence and spin states of the transition metal ions deter-
mine their electronic properties, especially magnetism. 

Therefore, the natures of these complexes change when 
the transition metal ions are substituted or doped into the 
system by electrons or holes [106]. Figure 2 shows a single 
CoPc molecule, the complex consisting of a phthalocya-
nine (Pc) ring with a Co metal ion in the center [107]. The 
CoPc has a D4h point-symmetric planar structure (Fig. 2b), 
with eight nitrogen atoms near the Co atom in the center 
of the molecule, surrounded by four pyrrole (N1) nitrogen 
atoms; the other four nitrogen atoms—bridging aza (N2). 
In addition, there are 32 carbon atoms derived from pyr-
role (C1) and benzene (C2, C3, and C4), respectively [108].

The crystal structure of the β-Pc polymorph is classi-
fied as monoclinic, belonging to space group P21/a, with 
two centrosymmetric molecules present in each unit cell. 
Table 2 provides the unit cell dimensions of CoPc, NiPc, 
and ZnPc [104].

Table 1   The electrode potentials 
for numerous electrocatalytic 
CO2 reduction half-reactions 
in aqueous solution at standard 
experimental conditions

Electrocatalytic thermodynamic half-reactions Electrode potentials (V vs. 
SHE) under standard conditions

CO2(g) + 4H+ + 4e− → C(s) + 2H2O (l) 0.210
CO2(g) + 2H2O(l) + 4e− → C(s) + 4OH−  −0.627
CO2(g) + 2H+ + 2e− → HCOOH(l)  −0.250
CO2(g) + 2H2O(l) + 2e− → HCOO−(aq) + OH−  −1.078
CO2(g) + 2H+ + 2e− → CO(g) + H2O(l)  −0.106
CO2(g) + 2H2O(l) + 2e− → CO(g) + 2OH−  −0.934
CO2(g) + 4H+ + 4e− → CH2O(l) + 4OH−  −0.898
CO2(g) + 6H+ + 6e− → CH3OH(l) + H2O(l) 0.016
CO2(g) + 5H2O(l) + 6e− → CH3OH(l) + 6OH−  −0.812
CO2(g) + 8H+ + 8e− → CH4(g) + H2O(l) 0.169
CO2(g) + 6H2O(l) + 8e− → CH4(g) + 8OH−  −0.659
2CO2(g) + 2H+ + 2e− → H2C2O2(aq)  −0.500
2CO2(g) + 2e− → C2O4

2−(aq)  −0.590
2CO2(g) + 12H+ + 12e− → CH2CH2(g) + 4H2O(l) 0.064
2CO2(g) + 8H2O(l) + 12e− → CH2CH2(g) + 12OH−  −0.764
2CO2(g) + 12H+ + 12e− → CH2CH2OH(l) + 3H2O(l) 0.084
2CO2(g) + 9H2O(l) + 12e− → CH2CH2OH(l) + 12OH−  −0.744

Fig. 2   a Molecular structure 
of CoPc (Reprinted from Ref. 
[107]). b A ball and stick model 
(Reprinted from Ref. [108])
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Electrocatalytic CO2 Reduction to CO

Homogeneous Electrocatalytic Activity of Cobalt 
Phthalocyanine

As early as 1965, the water-soluble Co(II)-terephthalocyanine  
was successfully synthesized [109], followed by the prepa-
ration of Co(II)-octacarboxyphthalocyanine and Co(II) tet-
racarboxyphthalocyanine [110]. Water-soluble CoPc was 
earlier used for the catalytic oxidation of thiols in petroleum 
fractions and for the removal of alkali sulfides from indus-
trial wastewater. However, the dimer formed by CoPc in the 
aqueous phase is inactive leading to a significant decrease 
in its catalytic capacity [111]. Group substitution or the 
introduction of ligand additives in the solution can weaken 
the polymerization of phthalocyanines, including carbox-
ylic acids, benzenesulfonyl, and amino groups [112–114]. 
Moreover, pristine phthalocyanines are insoluble in com-
mon organic solvents. However, additional solubility cent-
ers can be formed by group substitution at their peripheral 
and non-peripheral positions, thus increasing solubility 
[115].

Soluble electrocatalysts act as electron transfer agents 
in homogeneous electrocatalytic CO2 reduction to 
improve the reduction reaction [116]. Usually, the differ-
ence between applied electrode potential and the product/
substrate cannot be counteracted. Therefore, a significant 
overvoltage and an effective catalytic constant are required 
to improve the conversion efficiency in direct electrore-
duction of CO2 [117]. Wu et al. utilized dissolved CoPc 
for homogeneous electrocatalytic CO2 reduction in 0.1 M 
KHCO3 electrolyte at − 0.8  V vs. reversible hydrogen 
electrode (RHE). After 30 min of reaction, the average 
current density for the conversion of CO2 to CO was less 
than 1 mA·cm−2 and the Faradaic efficiency of CO (FECO) 
was only 50% [80]. In conclusion, the catalytic perfor-
mance of water-soluble CoPc is unstable and low due to 
its polymerization properties. In addition, the separation 
of the catalyst from the product under homogeneous condi-
tions is severely consistent.

Heterogeneous Electrocatalytic CO2 Reduction 
via Cobalt Phthalocyanine

Cobalt Phthalocyanine Anchored on Carbon‑Based Material

The catalytic performance of CoPc molecules can be sig-
nificantly enhanced by heterogeneity. A common strat-
egy is anchoring on carbon-based carriers to stabilize 
the catalyst molecules by π-π stacking [118]. Generally, 
CoPc molecules need to be attached to a suitable carrier 
to form a hybrid electrode for CO2RR. The current carriers 
reported in the literature include activated carbon (AC), 
graphite, carbon, carbon black (CB), activated carbon 
fiber (ACF), carbon nanotube (CNT), carbon cloth (CC), 
reduced graphene oxide (rGO), and glassy carbon (GC). 
The CO selectivity, current density, and durability of the 
catalysts were greatly improved by homogeneous immo-
bilization of CoPc molecules on carbon-based carriers.

As early as 1974, the electrocatalytic reduction of CO2 
to CO was performed by CoPc immobilized on graphite 
in an aqueous medium with an overpotential of − 1.6 V vs. 
saturated calomel electrode (SCE), which is about 200 mV 
more positive than the proton reduction reaction under 
N2 [119]. Table 3 summarizes the performance of various 
CoPc for electrocatalytic CO2 reduction to CO as reported 
in the literature in recent years.

In the process of electrocatalytic CO2 reduction by 
CoPc, electrons must pass through the aggregate bulk 
with lower electrical conductivity to reach surface mol-
ecules, which may hinder the reduction of Co(II) to Co(I). 
Compared with the CoPc/CNT catalyst, the lower product 
selectivity of CoPc was attributed to fewer Co(I) sites on 
its surface and the slower cycling rate of Co(II) reduc-
tion or Co(I) oxidation [90]. The CoPc/CNT hybrid pre-
pared by Zhang et al. was subjected to electrocatalytic 
experiments in 0.1 M KHCO3 electrolyte at pH 6.8. The 
FECO was achieved at 98% when the current density was 
15.0 mA∙cm−2 and the turnover frequency (TOF) was 
4.1 s−1 at an overpotential of 0.52 V [90].

The electrocatalytic CO2 reduction performance of CoPc 
immobilized by Vulcan XC-72 and CNT showed signifi-
cantly higher catalytic activity compared to pure CoPc. The 
electrocatalytic stability of CoPc/XC-72 was 15 h with a 
turnover number (TON) of only 48,600, while that for CoPc/
CNT was more than 45 h, with a TON of up to 180,000, 
and the FECO reached 88%. The excellent catalytic stabil-
ity of the latter is attributed to the strong π-π interaction 
between CoPc and CNT [11]. Jiang et al. demonstrated that 
CoPc/CNT hybrids can achieve high FECO of over 90% at 

Table 2   The unit cell dimensions of the CoPc, ZnPc, and NiPc

Compounds a, Å b, Å c, Å β

CoPc 20.2 4.77 15.0 121°3′
ZnPc 19.22 4.87 14.52 120°2′
NiPc 19.9 4.71 14.9 121°54′
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Table 3   Summary of electrocatalytic CO2 reduction to CO reported in the literature

Catalyst Electrode Catalyst 
loading (mol/
cm2)

Electrolytes 
(pH)

Main products 
(%)

Product (TON/
TOF)

E, V Partial j (mA/
cm2)

Ref

CoPc Carbon 1.3 × 10−11 – CO, 87 3.7 × 105  − 1.15 V vs. 
SCE

0.98 [157]

CoPc Activated car-
bon fiber

1.15 × 10−4 0.5 M KHCO3 CO, 70 –  − 1.3 V vs. 
SCE

50 ~ 70 [124]

CoPc Carbon paper 2.3 × 10−9 0.05 M K2CO3 
(6.8)

CO, 86 3.5 s−1  − 0.7 V vs. 
SCE

1.3 [138]

CoPc /MWCNT Carbon Paper 2.33 × 10−8 0.5 M NaHCO3 
(7.3)

CO, 92 4.08 s−1  − 0.68 V vs. 
RHE

13.10 [142]

CoPc/CNT Carbon fiber 
paper

2.5 wt. % 0.1 M KHCO3 
(6.8)

CO, 92 2.7 s−1  − 0.63 V vs. 
RHE

10.0 [90]

CoPc/CNT Carbon fiber 
paper

3.5 wt. % 0.1 M KHCO3 
(pH 6.8)

CO, 98 4.1 s−1  − 0.63 V vs. 
RHE

15.0 [90]

CoPc/CNT Carbon paper 2.1 × 10−8 0.1 M KHCO3 
(pH 6.8)

CO, 90 2.2 s−1  − 0.61 V vs. 
RHE

 − 1.0 [120]

CoPc/CNT Carbon paper 2.3 wt. % 0.75 M 
NaHCO3

CO, 97.8 26.0 s−1  − 0.60 V vs. 
RHE

 − 8.8 [132]

CoPc/CNT Carbon fiber 
paper

3.29 wt.% 0.5 M KHCO3 CO, 97 83.9 s−1  − 0.9 V vs. 
RHE

 − 200 [122]

CoPc-rGO Carbon paper 5.3 wt. % 0.75 M 
NaHCO3

CO, 95.5 9.4 s−1  − 0.60 V vs. 
RHE

7.5 [132]

CoPc/acetylene 
black

Carbon cloth 0.3 mg∙cm−2 0.1 M KHCO3 CO, 99.8 3.9 s−1  − 0.7 V vs. 
RHE

11.6 [127]

CoPc-CN/CNT Carbon fiber 
paper

3.5 wt. % 0.5 M KHCO3 
(7.2)

CO, 88 1.4 s−1  − 0.46 V vs. 
RHE

5.6 [90]

N − C − CoPc 
NR

– 2.6 × 10−9 0.1 M KHCO3 CO, 85.3 11.35 s−1  − 0.7 V vs. 
RHE

6 [153]

N − CoMe2Pc/
NRGO

Carbon paper – 1 M KOH CO, 94.1 6.2 s−1  − 0.60 V vs. 
RHE

56.4 [154]

CoFPc Carbon cloth 1.3 × 10−8 0.5 M KHCO3 
(7.2)

CO, 93 1.6 s−1  − 0.8 V vs. 
RHE

4.4 [137]

CoPc/OxC Carbon paper 1 × 10−7 0.1 M NaHCO3 
(6.8)

CO, 96 0.5 s−1  − 0.73 V vs. 
RHE

2.4 [107]

CoPc-1 Carbon paper 3.78 × 10–8 0.5 M KHCO3 CO, 94 0.29 s−1 –0.54 V vs. 
RHE

2.2 [139]

CoPc2@carbon 
powder

Carbon paper 1.44 × 10–8 0.5 M NaHCO3 
(7.3)

CO, 93 6.8 s−1  − 0.68 V vs. 
RHE

18.1 [142]

CoPc-PI-COF Carbon paper 3.7 wt.% 0.5 M KHCO3 CO, 95 4.9 s−1  − 0.9 V vs. 
RHE

21.2 [145]

CoTNPc Carbon fiber 
paper

6.57 wt.% 0.5 M KHCO3 CO, 94 –  − 0.88 V vs. 
RHE

12.6 [143]

CoOCPc Carbon fiber 
paper

5.04 wt.% 0.5 M KHCO3 CO, 91 –  − 0.78 V vs. 
RHE

6.8 [143]

CoPPc-CNT Carbon paper 5.6 wt.% 0.5 M NaHCO3 CO, 96 0.41 s−1  − 0.6 V vs. 
RHE

 − 3.6 [156]

CoPPc-CNT Carbon paper 2.11 × 10−4 0.5 M KHCO3 
(7.4)

CO, 77.1 0.34 s−1  − 0.40 V vs. 
RHE

0.8 [158]

D-P-CoPc Glassy carbon 
electrode

4.6 wt.% 0.5 M KHCO3 
(pH 7.3)

CO, 97 0.11 s−1  − 0.61 V vs. 
RHE

2.45 [159]

CoPPc@g-
C3N4 − CNT

Carbon cloth 6.5 wt.% 0.5 M KHCO3 
(7.2)

CO, 95 4.9 s−1  − 0.80 V vs. 
RHE

 − 21.9 [155]

CoPc@Fe–N-C Carbon paper 0.65 wt.% 0.5 M KOH CO, 93 –  − 0.84 V vs. 
RHE

275.6 [149]
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potentials below −0.60 V. However, the FECO of pure CoPc 
was higher than that of CoPc/CNT at low overpotentials. 
For example, the FECO of CoPc was about 85% at −0.45 V, 
while that for CoPc/CNT was 64%. This phenomenon may 
be because Co(II) was reduced to Co(I) under low overpo-
tential, which was considered to be the active site for CO2 
reduction [120].

Han et  al. conducted CO2RR on CNT by template-
directed polymerization of CoPc. They found that phthalo-
cyanines in the form of polymers supported on conductive 
scaffolds exhibited a larger surface area for electrocatalytic 
activity and better physical and chemical stability than 
molecular phthalocyanines. The hybrid electrocatalyst 
showed a selective reduction of CO2 to CO at −0.61 V vs. 
RHE with FECO and TOF of 90% and 4900 h−1, respectively 
[121]. Wu et al. anchored CoPc on CNT as a catalyst for the 
electrocatalytic CO2 reduction to CO. Electrochemical tests 
showed that it has excellent catalytic performance, with TOF 
and FECO reaching 97% and 83.9 s−1, respectively, at a cur-
rent density of −200 mA·cm−2 [122]. Furthermore, Li et al. 
found that the activity and stability of the catalysts could be 
enhanced by coordination engineering strategies for appli-
cation in heterogeneous catalysis. They introduced amino, 
hydroxyl, and carboxyl groups into CNT for the immobiliza-
tion of CoPc. Compared with the absence of the groups, the 
abovementioned groups significantly improved the TOF by 
changing the coordination environment of Co at the center 
of the molecule, with a TOF of 31.4 s−1 at − 0.6 V vs. RHE. 
The degree of enhancement of the groups was: CoPc/NH2-
CNT > CoPc/OH-CNT > CoPc/COOH-CN > CoPc/CNT. 
Among them, the FECO of CoPc/NH2-CNT was up to 100% 
at a high current density of −225 mA·cm−2 [123].

In addition, conventional carbon materials can also sig-
nificantly improve the catalytic capacity of CoPc. CO2 could 
be electrocatalytically reduced to CO via CoPc supported 
on nanoporous activated carbon fibers with FECO up to 70% 
[124]. The FECO of the electrocatalytic CO2 reduction to 
CO reached more than 95% through CoPc immobilized on 
carbon powder in a zero-gap membrane flow reactor with a 
current density of 150 mA⋅cm−2 [125].

CoPc was supported on oxygen-functionalized carbon 
paper by Zhu et al. as a catalyst for the electroreduction of 
CO2, and the TOF of CO increased about 3 orders of magni-
tude with the increase of the dispersion of CoPc on the sup-
port [107]. Magdesieva et al. found that the bulky molecules 
tetra-tert-butyl substituted phthalocyanine immobilized on 
the activated carbon had a higher efficiency for electrocata-
lytic CO2 reduction with a current efficiency of up to 85% for 
CO [126]. Ma et al. immobilized CoPc on acetylene black 
(CoPc/C) as a model catalyst for the CO2RR. After 10 h of 
electrochemical testing, the corresponding FECO of CoPc/C 
was consistently above 97% with a calculated TOF value of 
14,040 h−1 at −0.7 V vs. RHE, indicating its good stability 
and selectivity for CO [127].

A modified graphite electrode coated with poly(4-
vinylpyridine) (PVP) film containing CoPc was used for 
CO2RR by Abe et al. The catalyst film in the aqueous phase 
of 0.1 M NaH2PO4 (pH 4.4) was more selective for CO than 
the pure CoPc coating. The ratio of CO to H2 produced was 
about 6 at −1.20 V vs. Ag/AgCl [128]. Similarly, graph-
ite electrodes loaded with cobalt octacyanophthalocyanine 
(CoPc(CN)8) were used for electrocatalytic CO2 reduction. 
The reduction of CO2 to CO at –1.20 V vs. Ag/AgCl yields 
a CO/H2 ratio of about 10 at an electrolyte pH of 9.3 [129].

CoFPc perfluorinated cobalt phthalocyanine, CoPc/OxC CoPc/oxygen-functionalized carbon paper (OxC), CoTNPc cobalt tetranitrophthalocya-
nine, CoOCPc cobalt octacyano-phthalocyanine, CoPc2@carbon powder, CoPc bearing on etrimethyl ammonium moiety and three tert-butyl 
groups appended on the phthalocyanine macrocycle, MWCNT multi-walled carbon nanotubes, ZIS-CoPc, CoPc anchored on ZnIn2S4, CoPPc-
CNT  polymerized CoPc supported on CNT,  CoPPc@g-C3N4 − CNT  the polymerization of CoPc on a three-dimensional (3D) g-C3N4 
nanosheet − carbon nanotube, N − C − CoPc NR nanoarrays electrode with N-doped porous carbon nanoarrays anchored CoPc, CoPc-1 bithio-
phenyl-substituted CoPc, CoPc-Py pyridine-substituted CoPc, rGO reduced graphene oxide, D-P-CoPc defective polymeric CoPc, RHE revers-
ible hydrogen electrode, SCE saturated calomel electrode

Table 3   (continued)

Catalyst Electrode Catalyst 
loading (mol/
cm2)

Electrolytes 
(pH)

Main products 
(%)

Product (TON/
TOF)

E, V Partial j (mA/
cm2)

Ref

N–C-CoPc NR Carbon cloth 0.34 wt.% 0.5 M KHCO3 
(7.2)

CO, 93.5 3.89 s−1 0.68 V vs. RHE 7.4 [151]

CoPc-Py Carbon paper 1 × 10−8 0.05 M K2CO3 
(6.8)

CO, 95 6.9 s−1  − 0.7 V vs. 
RHE

2.5 [138]

CoPc-py-CNT Carbon paper 5 × 10−9 0.2 M NaHCO3 
(7.0)

CO, 98.7 6.83 s−1  − 0.67 V vs. 
RHE

7.69 [118]

CoPc-py-CNT Carbon paper 5 × 10−11 0.2 M NaHCO3 
(7.0)

CO, 90 30.7 s−1  − 0.63 V vs. 
RHE

0.38 [118]
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Furthermore, the two-dimensional material graphene may 
also be an excellent carrier. Gu et al. used graphdiyne/gra-
phene (GDY/G) heterostructures as two-dimensional conduc-
tive scaffolds to anchor monodispersed CoPc for selective 
electrocatalytic CO2 reduction. Electrocatalytic experiments 
in the H-cell demonstrated an FECO of 96% at a current den-
sity of 12 mA⋅cm−2, while that for liquid flow cell was 97% 
at 100 mA⋅cm−2. At −1.0 V vs. RHE, the TOF achieved 
37 s−1, which exceeds most of the reported phthalocyanine-
based catalysts [130]. Similarly, the introduction of intrinsic 
defects in graphene (DrGO) can accelerate the π-electron 
transfer between graphene and CoPc, and the greater expo-
sure of electrocatalytically active Co sites leads to a positive 
shift of the Co2+/Co+ reduction potential, which enhances 
CO2 chemisorption. Therefore, compared with the defect-free 
counterpart rGO-CoPc, the maximum FECO of DrGO-CoPc 
for electrocatalytic CO2 reduction to CO reached 90.2% at 
a current density (JCO) of 73.9 mA cm−2 [131]. Tian et al. 
obtained a hybrid catalyst by immobilizing CoPc on reduced 
graphene oxide (rGO). The corresponding FECO, TOF, and 
overpotentials for the electrocatalytic CO2 reduction to CO in 
0.75 M NaHCO3 electrolyte were 95.5%, 9.4 s−1, and −0.60 V 
vs. RHE, respectively [132].

Cobalt Phthalocyanine Anchored on Gas Diffusion 
Electrode

The catalytic activity of CoPc can be affected by various 
loaded electrodes. As early as 1987, Masheder et al. have 
demonstrated that cobalt (I) phthalocyanine was a reactive 
intermediate for the electrocatalytic CO2 reduction to CO 
at cobalt (II) phthalocyanine-impregnated electrodes [133]. 
Savinova et al. found that CoPc supported on a carbon gas 
diffusion electrode exhibited 100% selectivity for the elec-
trocatalytic CO2 reduction to CO at current densities up 
to 80 mA⋅cm2 [134]. Furthermore, Wan et al. prepared a 
CoPc-based gas diffusion electrode (GDE) for the elec-
trocatalytic CO2 reduction to CO. The current density and 
FECO were as high as 110 mA⋅cm−2 and 99%, respectively 
[135].

Group‑Substituted Cobalt Phthalocyanine

At the molecular level, the catalytic activity of CoPc will 
be further improved by introducing substitution groups into 
the molecule [136]. The electrocatalytic CO2 reduction to 
CO by tetra-tert-butyl-substituted phthalocyanines loaded 
on activated carbon reached a production efficiency of 85% 
[124]. Perfluorinated cobalt phthalocyanine (CoFPc) was a 
new type of electrocatalyst, which was suitable for bipo-
lar configuration with FECO up to 93%. The resistance to 
wide potential voltages from − 0.9 V to + 2.2 V vs. RHE 
during both reduction and oxidation catalysis makes CoFPc 

attractive for catalytic CO2 conversion [137]. De Riccardis 
et al. reported a cobalt-based phthalocyanine with pyri-
dine moieties (CoPc-Py) supported on a carbon electrode, 
in which FECO (95%) was much higher than CoPc (86%) 
[138]. Zhu et al. immobilized CoPc on CNT containing 
pyridine functional groups as a catalyst (CoPc-py-CNT). 
The FECO, TOFCO of the electrocatalytic CO2 reduction to 
CO process were 98.7% and 34.5 s−1 at − 0.67 V vs. RHE, 
respectively. In addition, the reaction mechanism revealed 
that the axial coordination of the pyridine group with Co not 
only improved the dispersion of CoPc but also adjusted the 
electronic structure of Co sites and improved the TOF of the 
target product [118].

Luangchaiyaporn et  al. obtained the catalyst 
2,9,16,23-tetra(2,2′-bithiophen-5-yl) phthalocyaninato-cobalt(II) 
(CoPc-1) by substituting CoPc with 4-(2, 2′-bithiophen-5-yl) 
phthalonitrile, the product of heterogeneous electrocatalytic CO2 
reduction in 0.5 M KHCO3 solution was mainly CO. At an over-
potential of –0.54 V vs. RHE, the FECO, TONCO, and TOFCO 
of CO produced after 2 h of reaction were 94%, 2.10 × 103, and 
0.29 s–1, respectively [139]. The hybrid electrode obtained by 
immobilizing cobalt(II) octaalkoxyphthalocyanine on graphene 
was used for the electrocatalytic CO2 reduction to CO with FECO 
exceeding 77% at −0.59 V vs. RHE [140]. Lu et al. found that 
the electrocatalytic performance and O2 tolerance could be fur-
ther improved by introducing cyano and nitro substituents into 
the phthalocyanine ligands. A hybrid electrode (PIMCoPc/CNT) 
was formed by combining a thin layer of intrinsically micropo-
rous polymer (PIM) with CoPc molecules anchored on CNT. 
FECO was 75.9% at a battery voltage of 3.1 V and 5% O2 intake, 
and 96.9% without any O2 (jtotal = 29.3 mA⋅cm2) [141].

Wang et al. found that CoPc substituted with trimethyl-
ammonium group was able to efficiently electrocatalyze the 
reduction of CO2 to carbon monoxide in water at pH 4 to 
14. FECO and maximum current density reached 95% and 
165 mAcm−2 at −0.92 V vs. RHE, respectively [142]. Tian 
et al. prepared cobalt tetranitrophthalocyanine (CoTNPc), 
cobalt octacyanophthalocyanine (CoOCPc), and cobalt 
tetraaminophthalocyanine (CoTAPc) containing different 
functional groups to study the relationship between the 
electronic structure of the catalyst and CO2RR. They found 
that the modified phthalocyanine-based catalysts could 
significantly enhance the CO2 reduction with the order of 
activity CoTNPc > CoOCPc > CoPc > CoTAPc. The nitro-
substituted cobalt phthalocyanine showed the best catalytic 
performance, the maximum FECO and current density were 
94% and 12.6 mA⋅cm−2 at −0.877 V vs. RHE respectively 
[143].

In addition, another promising technique to improve the 
efficiency of CO2 capture and conversion is the coupling of 
metal–organic frameworks (MOFs) with CoPc. The current 
density and FECO of the hybrid CoTAPc-ZIF-90 catalyst pre-
pared by decorating CoPc on the outer surface of ZIF-90 for 
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electrocatalytic CO2 reduction to CO reached 13 mA⋅cm−2 
and 90%, respectively. Moreover, CoTAPc-ZIF-90 exhibited 
significantly higher catalyst stability compared to free CoPc 
molecules [144]. Two-dimensional polyimide-linked phth-
alocyanine COFs (CoPc-PI-COF) were devised and prepared 
through solvothermal reaction of tetraanhydrides of octacar-
boxyphthalocyaninato cobalt(II) with 1,4phenylenediamine 
and 4,4′-biphenyldiamine. The electrocatalytic CO2 reduc-
tion to CO in 0.5 M KHCO3 solution resulted in FECO and 
current density up to 95% and 21.2 mA⋅cm−2 at −0.90 V vs. 
RHE, respectively [145].

Metal–Carbon‑Nitrogen‑Doped Cobalt Phthalocyanine

Metal-nitrogen active sites immobilized in porous carbon 
(Me-N–C) are considered a novel and efficient catalyst for 
CO2RR [146, 147]. Lin explored a CoPc and zinc-nitrogen-
carbon (Zn-N–C) tandem catalyst for electrocatalytic CO2 
reduction. This tandem catalyst has improved CH4/CO pro-
ductivity by more than 100 times compared to using CoPc 
or Zn-N–C alone [148]. The electrocatalytic CO2RR perfor-
mance was enhanced by cross-linking Fe–N sites on CoPc 
(CoPc©Fe–N-C). Compared with Fe-NC, the starting poten-
tial of CoPc©Fe-NC for RHE is as low as −0.13 V, while 
the potential window for CO Faraday efficiency of 93% is 
significantly widened from 0.18 V to 0.71 V, while the CO 
current density is increased by up to 10 times and the stabil-
ity is significantly enhanced.

The electrocatalytic performance was enhanced by dop-
ing Fe–N sites on CoPc (CoPc©Fe–N-C). Compared with 
Fe-NC, the onset potential of CoPc©Fe-NC was as low 
as −0.13 V versus RHE, while the potential window of CO 
Faraday efficiency of 93% has been significantly broadened 
from 0.18 to 0.71 V, accompanied with a maximum tenfold 
increase in CO current density [149]. Ultrathin nitrogen-
doped hollow carbon sphere with a high surface area of 
653.3 m2⋅g−1 was used to anchor CoPc for electrocatalytic 
CO2 reduction to CO. A Faraday efficiency of 96% was 
achieved at a Co atom content of 0.49 wt.%, which was 
about 4 times that of unsupported CoPc (FECO = 24.54%); 
and a current density of 20.47 mA⋅cm−2 for CO at −0.82 V 
vs. RHE, which was 60 that of the unsupported CoPc 
(0.34 mA⋅cm−2) [150].

The N–C-CoPc catalyst prepared by Ma et al. exhibited 
excellent catalytic performance for the conversion of CO2 
to CO. FECO achieved 90% at −0.58 to −0.78 V vs. RHE, 
as well as an excellent TOF of 3.89 s−1 and an ultra-low 
overpotential of 170 mV [151]. Similarly, a CoPc molecule-
implanted graphitic carbon nitride nanosheets (CoPc/g-
C3N4) electrocatalyst was used for electrocatalytic CO2 
reduction. Electrochemical tests in natural seawater showed 
that an FECO of 89.5% could be achieved at a current density 

of 16.0 mA⋅cm−2, while the maximum FECO in simulated 
seawater was 98.1% after 25 h of reaction [152].

Zhu et al. proposed a nanoarray electrode formed by 
immobilizing CoPc in N-doped porous carbon nanorod 
(N–C-CoPc NR) by hydrothermal method. The prepared 
N–C-CoPc NR catalyst exhibited an FECO of 85.3% for the 
electrocatalytic CO2 reduction to CO in 0.1 M KHCO3 elec-
trolyte [153]. Compared with pristine CoPc, non-peripheral 
octamethyl-substituted CoPc (N-CoMe2Pc) catalyst can 
activate the Co surface and significantly enhance CO2 
adsorption at low overpotentials. Li et al. fabricated a nano-
composite catalyst (N-CoMe2Pc/NRGO) by immobilizing 
N-CoMe2Pc nanorods and nitrogen-doped reduced graphene 
oxide (NRGO) together by a non-covalent strategy. Electro-
catalytic CO2 reduction experiments were carried out in a 
flow cell injected with neutral electrolyte. When the catalyst 
to NRGO ratio was 6:10, the current density, TOFCO and 
FECO were 56.4 mA⋅cm−2, 6.2 s−1, and 94.1% at –0.6 V vs. 
RHE, respectively [154].

Polymeric Cobalt Phthalocyanine

Moreover, the formation of polymers from CoPc monomers 
is another promising approach to alleviate catalyst aggrega-
tion and improve stability. For example, Li et al. immobi-
lized polymerized CoPc on a three-dimensional (3D) g-C3N4 
nanosheet-carbon nanotube scaffold to achieve electrocat-
alytic CO2 reduction to CO. The results showed that the 
electrocatalytic performance of the polymerized catalytic 
material maintained good stability over 24 h, with TOFCO 
and FECO reachED 95% and 4.9  s−1 at −0.8 V vs. RHE, 
respectively [155]. Chen et al. supported polymerized CoPc 
(CoPPc) on CNT and deposited 45 μg⋅cm−2 of CoPPc-CNT 
catalyst on carbon paper as a working electrode. Cyclic vol-
tammetry (CV) measurements showed that the onset poten-
tial of CoPPc-CNT was −0.35 V vs. RHE. Compared with 
pure CNT, CoPPc-CNT significantly increased current den-
sity under negative potential, indicating that the catalytic 
process was mainly induced by CoPPc. FECO reached 96% 
at a wide range of potentials [156].

Mechanism of Electrocatalytic Reduction 
CO2 to CO

Zhang et al. systematically investigated the mechanism of 
electrocatalytic CO2 reduction by CoPc with a well-defined 
metal-N4 structure through DFT calculations. Theoretically, 
CoPc exhibits better CO formation activity due to the mod-
erate binding energy of *CO at the Co site. The thermody-
namic requirements of the original process are overcome by 
sacrificing the important reaction steps of *COOH formation 
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and *CO desorption. [160]. Under laboratory conditions, 
efficient CO2 reduction catalysts can achieve high selectivity 
and low overpotential, but bottlenecks remain in commercial 
practice at high current densities.

Figure 3 shows the mechanism of electrocatalytic CO2 
reduction to CO via CoPc[107]. Both the mechanism and 
the reaction rate-determining step (RDS) of the electrocata-
lytic CO2 reduction via CoPc are slightly different under 
high (> 0.3 M) and low (< 0.3 M) bicarbonate conditions. 
Since previous studies have confirmed that Co (I) is the sta-
tionary state of cobalt during the electroreduction of CO2, 
it is suggested that the first step involves the irreversible 
reduction of Co (II) to Co (I) [161, 162]. The RDS at low 
bicarbonate concentrations involves electron transfer, while 
that at high bicarbonate concentrations involves concerted 
proton-electron transfer. It is possible that the SO2 molecule 
are pre-bound to the active site before the rate-determining 
step involves electron transfer.

When the concentration of HCO3
− is below 0.3 M, the 

possible reactions for the electrocatalytic CO2 reduction to 
CO are shown in Eqs. (1) to (5).

(1)Co
II
Pc + e

−
→ Co

I
Pc

(2)Co
I
Pc + CO2 → Co

II
Pc − COO

−
(RDS)

(3)Co
II
Pc − COO

−
+ H2O → Co

II
Pc − COOH + OH

−

(4)Co
II
Pc − COOH + e

−
→ Co

II
Pc − CO + OH

−

(5)Co
II
Pc − CO → Co

II
Pc + CO

When the concentration of HCO3
− is higher than 0.3 M, 

the possible reactions for the electrocatalytic CO2 reduction 
to CO are shown in Eqs. (6) to (9).

The exact mechanism of the electrocatalytic CO2 reduc-
tion to CO via CoPc remains discrepant (Fig. 4). Figure 4 
a shows the mechanism of electrocatalytic CO2 reduction 
by CoPc in a competitive HER pathway. Firstly, CoPc is 
reduced to (CoPc)− during the reaction process, and then 
(CoPcH) is formed by complex protonation on the Pc ring, 
followed by a second reduction to produce (CoPcH)−. A 
branching mechanism is that (CoPcH)− can react with H+ 
to release H2 and regenerate the CoPc starting material in 
step (iv), or (CoPcH)− react with CO2 to form CO2 adduct in 
step (i), the subsequent protonation step (iii) produces CO. 
This indicates that the catalytic activity is mainly generated 
in the second reduction process. However, electrocatalytic 
CO2 reduction in DMSO solution via CoPc also requires 
a third reduction event at low H+ activity conditions. 
This suggests that the (CoPc-CO) adduct requires further 
reduction to release CO and re-enter the catalytic cycle at 
(CoPc)− (Fig. 4b). In addition, the coordination of CO2 may 
occur at the 1 e−-reduced species confirmed by the reduc-
tion of CO2 by adsorbed CoPc in bicarbonate solution; this 

(6)Co
II
Pc + e

−
→ Co

I
Pc

(7)
Co

I
Pc + CO2 + HCO

3

−
→ Co

II
Pc − COOH + CO3

2−
(RDS)

(8)Co
II
Pc − COOH + e

−
→ Co

II
Pc − CO + OH

−

(9)Co
II
Pc − CO → Co

II
Pc + CO

Fig. 3   Proposed mechanism for 
electrocatalytic CO2 reduction 
to CO by CoPc (Reprinted from 
Ref. [107])
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pathway also supported by Tafel analysis and DFT studies 
(Fig. 4c) [163].

Cooperative proton-electron transfer (CPET) is the 
theoretical basis of the CHE methodology. However, some 
researchers believe that the reduction of CO2 on Co porphy-
rin molecules is carried out by sequential proton-electron 
transfer (SPET) under high pH conditions [164–166]. Han 
et al. studied the SPET step of electrocatalytic CO2 reduc-
tion by polymeric cobalt phthalocyanine (CoPPc) through 
density functional theory to reveal the reaction mechanism 
[121]. The Co in the center of CoPPc is reduced from Co(II) 
to Co(I) during the first electron transfer process, and the 

injected electrons are mainly located in the dz2 orbital and 
partially in the C-pz orbital (Fig. 5B). According to the 
Bader charge population analysis, the charge of Co (I) 
(+ 0.86 |e|) on CoPPc− is much lower than that of Co(II) 
(+ 1.15|e|). The formation of the anionic adduct of CO2 
when CO2 is added to Co(I) is evidenced by the apparent 
charge transfer (0.54|e|) from CoPPc− to CO2 (Fig. 5C). 
Then, the intermediate becomes COOH* via proton trans-
fer (Fig. 5D). Finally, COOH* is transformed into CO* by 
a CPET step (Fig. 5E). Figure 4F summarizes the above-
mentioned whole process of electrocatalytic CO2 reduction 
to CO by CoPPc.

Fig. 4   Proposed CO2 reduction mechanisms of CoPc in the literature. 
a A proposed mechanism for CO2 reduction by CoPc showing path-
way for competitive H2 generation. b Other proposed CO2 reduction 

by CoPc in organic solutions, c low concentration bicarbonate buffer 
in aqueous solution (Reprinted from Ref. [163])

Fig. 5   The optimized geometric structure of various states (CoPPc, 
CoPPc−, CO2

−*, COOH*, and CO*) along the reaction path of CO2RR 
on a 2D CoPPc monolayer. Co, N, O, C, and H atoms are presented 
by orange, blue, red, gray, and green spheres, respectively. For 
CoPPc− and CO2.−*, the electron density differences caused by elec-

tron injection and CO2 adsorption are also plotted. Cyan and purple 
correspond to electron accumulation and depletion regions, respec-
tively. Also shown are Co–N bond lengths (A, B) and Co–C bond 
lengths (C–E) in Ångstroms. F Proposed mechanistic scheme for the 
CO2RR on CoPPc (Reprinted from Ref. [121])
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Conclusion and Perspectives

Based on cost-effective and earth-abundant catalysts, CO2 
reduction can decrease its atmospheric concentration and 
produce carbonaceous value-added fuel molecules and chem-
ical feedstocks. From the perspective of long-term economic 
and environmental benefits, catalysts prepared from non-
precious transition metals such as cobalt are more potential 
for electrocatalytic CO2 reduction than noble metals such as 
gold, silver, platinum, and rhodium. The elemental cobalt 
has the characteristics of moderate CO2 adsorption strength, 
polyvalency, high coordination, unsaturated electronic 
d-orbital. Furthermore, CoPc exhibits size-dependent disso-
ciative adsorption of CO2 molecules on CO and O ligands, 
which more actively promotes subsequent CO2 activation. 
The reaction process overpotential, i.e., the energy barrier for 
electrocatalytic CO2 reduction can be significantly reduced 
through stabilizing the -*COOH and *OCHO intermediates 
structural modifications, ligand modifications, hydrogen-
bonding modifications, and coordinating anions. Ultimately, 
the selectivity of CO is increased accordingly.

The metal center affects the polymerization kinetics and 
polymer morphology. On the other hand, the chemical nature 
of the catalyst metal center is the most important factor 
affecting the electrocatalytic CO2 reduction and the asso-
ciated products. Since electrocatalytic CO2 reduction is a 
multiple electron transfer process leading to multiple reduc-
tion pathways and various product production, this limits 
the selectivity and catalytic efficiency of the target product. 
The conversion of CO2 to CO can be understood as a double 
reduction process with coordinated proton-assisted electron 
transfer, rather than a single-electron process. Therefore, 
avoiding the formation of intermediates with high energy 
barriers is the key to enhance the catalytic rate of CoPc.

Direct loading of metal phthalocyanine molecules on 
the electrodes results in their catalytic performance being 
blocked by molecular aggregates. In contrast to similar 
hybrid electrocatalysts, the aggregated form of molecular 
catalysts immobilized on carbonaceous materials has an 
interconnected network that expands the electrocatalytic 
active surface area and improves structural and operational 
stability [155]. Therefore, the catalytic efficiency parameters 
including current density, stability, and selectivity of the 
hybrid catalysts can be significantly improved by hybridi-
zation with CNT, CB, AC, ACF, rGO, and other materials 
compared to their molecular counterparts. In addition, strat-
egies such as anchoring on gas diffusion electrodes, group 
substitution, metal–carbon-nitrogen doping, and monomer 
polymerization can further improve the stability and CO 
selectivity of CoPc to varying degrees.

Although some advancements have been made in elec-
trocatalytic CO2 reduction to CO, further improvements still 
need to be investigated as follows:

In the future, strategies to control and reduce CO2 emis-
sions should focus on the development of efficient, durable, 
stable, and low-cost catalysts. In situ manipulations and 
measurements need to be explored to provide more specific 
and precise details of electrocatalytic CO2 reduction reac-
tions, including reaction sites, types of intermediates, reac-
tion pathways, etc. In addition, theoretical research should 
further elucidate the reduction reaction process to provide 
more valuable experimental directions. Based on the full 
elucidation of the CO2 reduction mechanism, the catalytic 
performance of the catalyst can be improved.

Then, DFT studies showed that pyridine moiety-induced 
enhancement of CO2 adsorption energy and the greater elec-
tron affinity of the Co center brought about a reduction in over-
potential. The electron affinity has an antagonistic effect. On 
the one hand, the presence of electron-withdrawing groups 
can effectively adjust the electron affinity of the catalyst and 
improve the catalytic activity of CoPc derivatives for CO2. On 
the other hand, a sharp increase of electron affinity also inhibits 
the binding of CO2 and hinders the CO2RR. Therefore, find-
ing the optimal balance between these two effects is the key 
to developing novel and efficient catalysts for CO2RR [138].

Furthermore, as one of the main components of air, CO2 
is often mixed with other gases. Currently, experimental data 
on catalytic CO2 reduction from mixed gases are lacking. 
Therefore, the realization of highly selective adsorption and 
catalytic CO2 conversion from atmospheric is of great sig-
nificance for future practical applications.

Finally, in order to improve the selectivity of target prod-
ucts, catalysts with appropriate compositions and structures 
as well as appropriate reaction schemes must be designed 
and developed. In addition, stabilization of carbonaceous 
intermediates by rare earth metal-doped catalyst materials 
may effectively limit the competing HER. Several effective 
means, including the formation of metal alloys, dopants, 
defects, and mixed oxide supports are all good options for 
improving CO selectivity.
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