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A B S T R A C T   

The electrocatalytic conversion of the greenhouse gas CO2 to reduced products is an area of intensive research at 
the current time, as this offers a potential route for the production of synthetic fuels and chemical feedstocks 
from an abundant source. Among the various classes of catalysts explored for CO2 electroreduction, metal- 
phthalocyanine compounds are amongst the most promising on account of their versatility and ease of func-
tionalization. The majority of studies on these complexes report CO as the dominant product of CO2 electro-
reduction. However, a number of recent studies have shown that certain metal-phthalocyanine complexes can 
catalyze multi-electron (n > 2) reductions of carbon dioxide, yielding products of higher value and utility than 
CO. However, there are remain opportunities for significant improvements in terms of Faradaic efficiencies and 
product selectivities. In this review, we provide a comprehensive overview of the latest advances in the devel-
opment of metal-phthalocyanine catalysts for CO2 reduction to products other than CO (with a particular 
emphasis on literature published since 2019). Our aim is to present a summary of the progress achieved thus far 
in this rapidly-evolving field and to offer insights and perspectives to guide future research efforts.   

1. Introduction 

The Paris Agreement, a legally binding international treaty on 
climate change adopted in 2015, recognizes the urgent need to limit 
global warming to well below 2 ◦C (relative to pre-industrial levels) and 
to pursue efforts to limit the temperature increase to 1.5 ◦C [1–5]. In 
response to this challenge, various technologies have been proposed to 
curtail rising CO2 concentrations in the atmosphere, including electro-
chemical CO2 reduction, which could allow the production and con-
sumption of synthetic hydrocarbon fuels without increasing the overall 
amount of CO2 in the atmosphere [6–9]. One of the most significant 
advantages of electrochemical CO2 reduction is that it can operate at 
relatively low temperatures and pressure, making it a potentially more 
cost-effective and safer approach than other routes to synthetic hydro-
carbons [10,11]. Furthermore, the electrochemical reduction process 
can be precisely controlled by adjusting the applied voltage, allowing (at 
least in theory) for the selective production of different chemicals/fuels 
[12,13]. Using renewable energy sources such as solar, geothermal, or 
wind energy to power the electrochemical cell would make electro-
chemical reduction a sustainable approach to CO2 utilization [11,14, 
15]. 

A truly sustainable electrochemical CO2 reduction process needs to 
be accompanied by a similarly sustainable anode process, so that the 
electrons and protons required for carbon dioxide reduction can be 
obtained in a fashion that does not lead to the production of pollutants 
or toxic waste. The oxidation of water is one such anode reaction, which 
has the further advantages that water is abundant on Earth and that the 
anode product is then O2, which sets up a closed chemical cycle for when 
the hydrocarbon fuel is consumed. A schematic of such a cell for elec-
trochemical carbon dioxide reduction in an aqueous solution is shown in  
Fig. 1a, where the electrode reactions can be summarized as in Eqs. 1 
and 2:  

Cathode: xCO2 + nH++ ne- → Cproduct + yH2O (CO2 reduction)            (1)  

Anode: 2H2O → O2 + 4H+ + 4e− (Oxygen evolution reaction)              (2) 

Electrochemical CO2 reduction can produce a wide range of prod-
ucts, depending on the reaction conditions. Fig. 1b shows some of the 
possible products that can be obtained along with the potentials at 
which these processes occur [16]. However, in many cases, there are 
significant kinetic barriers to forming these reduction products (partic-
ularly in the case of multi-electron processes) [17], which manifest in 
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the need for additional voltages over and above those displayed in 
Fig. 1b (so-called “overpotential”). Therefore, the development of 
electrocatalysts that can lower these overpotential barriers is essential if 
electrochemical CO2 reduction is to become a viable prospect for 
large-scale fuel production. 

In this regard, metal-phthalocyanine compounds (see Fig. 2) have 
been shown to exhibit high activity for the electroreduction of CO2 to CO 
[16,18,19]. For example, Ma et al. demonstrated a nearly 100% Fara-
daic efficiency from − 0.68 to − 0.93 VRHE for the conversion of CO2 to 
CO by using pyrrolidinonyl Ni-phthalocyanine on carbon nanotubes 
[20]. In a similar study, Yang’s group utilized a bimetallic (Co-Fe) 
phthalocyanine heterostructure and achieved a 99% conversion effi-
ciency of CO2 to CO at − 0.87 VRHE [21]. Likewise, Wan and coworkers 
employed a Co-phthalocyanine-based gas diffusion electrode in a flow 
cell, resulting in a Faradaic efficiency for CO production of nearly 99% 
at − 3.5 V vs Hg/HgO. On the basis of these results, it was postulated that 
various types of Co-phthalocyanine have the ability to achieve a Fara-
daic efficiency of over 90% for CO production across a wide range of 
electrode potential values from − 0.9 to − 0.4 VRHE [22]. These findings 
demonstrate that phthalocyanine-based catalysts can enable efficient 
and selective CO2 conversion to CO. 

Recent review articles have discussed the process of reducing CO2 to 
CO using phthalocyanine-based catalysts in some detail [16,18,23]. 
However, although CO could well prove a useful intermediate in a 
synthetic hydrocarbon production cycle, the direct reduction of CO2 by 
more than two electrons (“deep reduction”) to products such as meth-
anol, methane and C2+ hydrocarbons would arguably be even more 
attractive from an economic and sustainability perspective [24–26]. It is 
therefore noteworthy that metal-phthalocyanine complexes also display 
promising activity as heterogeneous molecular catalysts for the deep 
reduction of CO2 [27]. However, despite a number of reports in recent 
years describing the use of metal-phthalocyanine electrocatalysts for the 
electrochemical conversion of CO2 into reduction products other than 
CO, there has been no dedicated review of this field to date. Herein, we 
examine recent literature on this topic, with a particular emphasis on 
papers published since 2019. We focus on the main findings that have 
advanced this field, with an emphasis on the structural and functional 
diversity of these catalysts. Our goal is to inspire further research in this 
area by illustrating the broad potential of this class of electrocatalyst for 
CO2 conversion. 

2. Electrocatalytic CO2 reduction with metal-phthalocyanine 
complexes 

Metal-phthalocyanine complexes have been studied extensively for 
electrochemical CO2 reduction as they are simple and cost-effective to 
synthesize, and chemically stable once formed [28]. The symmetrical 
electron distribution of the molecules makes them well-suited for 

substrate adsorption, and the active site within their molecular structure 
facilitates effective surface modification [29,30]. The cathodic reduc-
tion potential of metal-phthalocyanine complexes can be shifted as a 
function of the metal ion and the substituents on the phthalocyanine 
ring. Other factors such as solvent, pH, and temperature can also in-
fluence the reduction potential, giving metal-phthalocyanine complexes 
a wide range of reduction potential values [31]. 

The general structure of metal-phthalocyanine complexes is illus-
trated in Fig. 2. These complexes give rise to characteristic electro-
chemical signals due to the electro-activity of their conjugated 
macrocyclic structures, whilst the N-donor atoms in the center of the 
structure provide an excellent binding site for numerous metal ions [32]. 
Phthalocyanine compounds can therefore be modified to enhance cat-
alytic performance through tuning either (or both) the metal center 
and/or the phthalocyanine ring. 

Metal-phthalocyanines are ideal materials for modifying electrodes 
to form heterogeneous catalyst systems for CO2 reduction as their 
extended π-electron systems allow them to adsorb readily onto electrode 
surfaces. Such a strategy also circumvents the low solubility in aqueous 
solution that many metal-phthalocyanine complexes display, and which 
therefore renders them less effective as homogeneous catalysts [33]. 
Since most electrochemical CO2 reduction processes involve multiple 
proton-coupled electron transfer steps [34], the transition metal is 
usually considered to be the active catalytic center in 
metal-phthalocyanine catalysts. 

The initial CO2 activation steps on metal phthalocyanines are as 
shown in Eqs. 3 and 4:  

MII-phthalocyanine + e− → MI-phthalocyanine                                    (3)  

MI-phthalocyanine + CO2 → MI-phthalocyanine-CO2                           (4) 

Where MII-phthalocyanine represents the metal-phthalocyanine in 
its oxidized state and MI-phthalocyanine represents the metal- 
phthalocyanine in its (one electron) reduced state. The first step 
generally involves the reduction of metal-phthalocyanine complexes 
that have been deposited on the electrode surface (Eq. 3). The second 
step as summarized by Eq. 4 is then held to be the rate-limiting step for 
the electrochemical reduction of CO2 by metal-phthalocyanines, as 
judged by in situ scanning tunneling microscopy [35]. This study by 
Wang et al. determined that the CO2 reduction process takes place pri-
marily on the metal ions, but with the N centers coordinating to the 
metal also participating in the electrochemical reduction of CO2. 

According to literature studies, the proposed mechanism for the 
reduction of metal phthalocyanine complexes involves an initial one- 
electron reduction [36]. The reaction pathway and resulting product 
can be significantly influenced by both the active site of the catalyst and 
the surrounding reaction environment, with factors such as the choice of 
solvent or pH playing a critical role in determining the mechanism [37]. 

Fig. 1. a: Schematic representation of a cell for electrochemical CO2 reduction in aqueous solution. 1b: A selection of possible CO2 reduction processes and their 
equilibrium potentials vs. NHE (normal hydrogen electrode) at pH 7, 25 ◦C and 1 atm. 
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Among the metal complexes, it is held that Co-phthalocyanine exhibits 
high activity for CO2 reduction, while Zn-phthalocyanine shows the 
lowest activity [38,39]. Wu et al. [40] have reported a Zn(II) porphyrin 
complex for CO2 electroreduction where in situ X-ray absorption spec-
troscopy suggested that the Zn ion remained in the 2+ oxidation state 
during the electrocatalytic CO2 reduction process, with electrochemical 
studies further implying that the porphyrin ligand was the locus of the 
reduction reaction (i.e. the Zn center was redox-innocent). 

The most commonly used metal-phthalocyanines for CO2 reduction 
are based on Cu, Ni, Co, Fe, Mn and Zn, with the order of catalytic ac-
tivity following the trend: Mn > Fe > Co > Zn > Cu~Ni [32]. The cat-
alytic activity of different metals in their respective phthalocyanine 
complexes is closely related to their redox potential, and it has been 
suggested that metal-phthalocyanine complexes with modestly cathodic 
potential values are the most active for CO2 reduction [32]. However, 
predicting the optimal redox potential value for metal-phthalocyanines 
for CO2 reduction is challenging because the applied potential has a 
significant impact on the distribution of the CO2 reduction products. For 
instance, a reduction with a more negative potential (between − 0.6 and 
− 1.0 V vs. RHE) can favor the production of C2H4, whereas a more 
positive potential value of +0.016 V vs. RHE may promote the formation 
of CO [41]. 

In terms of the deep reduction of carbon dioxide, Boutin et al. were 
the first to demonstrate that Co-phthalocyanine (on multi-wall carbon 
nanotubes) can catalyze the conversion of CO2 to methanol in an 

aqueous medium under ambient temperature and pressure conditions 
[29]. In the electrochemical conversion of CO2 to CH3OH, CO2 is firstly 
reduced by two electrons to form CO, which is then further reduced by 
another four electrons to form CH3OH (see Fig. 3). Additionally, it was 
determined that formaldehyde (HCOH) played a role as an intermediate 
on the pathway to CH3OH in certain circumstances [42]. When the pH 
value and electrode potential were adjusted to maximize each partial 
reduction process, the Faradaic efficiency of CO2 electrocatalytic 
reduction to CH3OH was calculated as up to 20%, depending on the 
pathway [29]. Since this pioneering work, many studies have been 
conducted to further investigate this reaction. However, most of these 
studies have obtained a high yield of CO, with a relatively low yield of 
other carbon products [29,43]. 

In the literature, it is commonly reported that most metal- 
phthalocyanine complexes afford CO selectively as the two-electron 
reduction product. Several of the various possible reaction mecha-
nisms that have been proposed for this process are summarized in Fig. 4 
[44–46]. There are two general sets of pathways for the conversion of 
CO2 to CO. The first involves the interaction of CO2 with the metal center 
(pathway 1,2 in Fig. 4), while the second involves the protonation of the 
nitrogen group in the phthalocyanine (pathway 3,4,5 in Fig. 4). In both 
pathways, COOH* is obtained as a key intermediate [37]. The depen-
dence of these pathways on the pH value is critical for understanding the 
mechanism, as illustrated in Fig. 4. These proposed mechanisms have 
been obtained largely using Density Functional Theory (DFT) methods. 

Fig. 2. An illustration of the generic phthalocyanine structure with a catalytic metal center (M) and positions for inserting functional groups onto the ring system 
(X) indicated. 

Fig. 3. Sequential electrochemical reduction of CO2 to CH3OH using cobalt phthalocyanine complexes on multi-walled carbon nanotube electrodes [29].  
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However, to compare with the theoretical predictions, experimental 
techniques such as online electrochemical mass spectrometry [47] and 
in-situ potential step chronoampero-spectroscopy [48] have also been 
performed. 

Table 1 provides a summary of recent studies (reported since 2019). 
Formic acid, one of the potential products in CO2 reduction, is a desir-
able target due to its ability to act as both a liquid storage medium for 
hydrogen and as a feedstock for the production of other chemicals. 
However, Table 1 also shows that a variety of more reduced CO2 
reduction products (HCOH, CH3OH, CH4, C2H4 and CH3CH2OH) have 
been obtained using metal-phthalocyanine complexes, with Entries 1–8 
displaying reasonable Faradaic efficiencies (with these examples being 
discussed in detail below); the highest Faradaic efficiency reported for 
methanol production (32%) was achieved using an amine-substituted 
Co-phthalocyanine complex supported on carbon nanotubes as a het-
erogenized molecular catalyst (see Table 1, Entry 1) [49]. The immo-
bilization of Co-phthalocyanine on carbon nanotubes was proposed to 
lead to an increase in the catalyst’s ability to selectively reduce CO2 to 
methanol through a six-electron process. The proposed pathway for this 
reaction is shown in Fig. 5. However, it has been difficult to observe the 
reduction intermediates of this cycle experimentally. The degradation of 
the catalyst over time was shown to be retarded by adding 
electron-donating amino substituents to the phthalocyanine ring, with 
the cause of this enhanced stability being suggested to be due to inhi-
bition of the reduction of the phthalocyanine ring at the applied po-
tential. A similar effect was observed by Zhang et al. [50], who studied 
the stability of a range of Ni-phthalocyanine complexes for electro-
chemical CO2 reduction, and who found that the electron-donating 
methoxy-substituted complexes showed superior stability during catal-
ysis relative to unsubstituted complexes, or those with 

electron-withdrawing substituents. 
The formation of CO2 reduction products like methanol and methane 

involves a complex series of electron and proton transfer reactions, with 
6 and 8 electron transfers required, respectively, which is a significant 
challenge. To overcome this issue, light energy can be used as an 
alternative/additional approach for generating the charge carriers, i.e. 
electrons/or holes that are necessary to drive the redox reactions 
involved in CO2 reduction. In the photoelectrochemical CO2 reduction 
reaction, Zheng et al. claimed that the combination of Zn- 
phthalocyanines and carbon nitride nanosheets exhibited a synergistic 
effect, resulting in significantly higher efficiency for methanol produc-
tion compared to the corresponding electrochemical and photochemical 
CO2 reduction processes [51]. The authors’ explanation (see also Fig. 6) 
suggests that in the presence of light (Xenon lamp 420 ≤ λ ≤ 800 nm and 
100 mW cm− 2), electrons can be excited from the HOMO to the LUMO 
in the Zn-phthalocyanine, while electrons can also be excited from the 
carbon nitride’s conduction band into the Zn-phthalocyanine’s LUMO. 
This transfer was held to occur due to the favorable energy level align-
ment between Zn-phthalocyanine and carbon nitride, with the LUMO of 
Zn-phthalocyanine being more positive (− 0.68 eV) compared to that of 
the conduction band of the carbon nitride (− 1.4 eV). Additionally, the 
applied external voltage was suggested to enhance the rate of transfer of 
the photo-generated electrons from carbon nitride to 
Zn-phthalocyanine. The optimal conditions for methanol generation 
were − 1.0 VSCE for 8 h, with a yield of 13 μmol⋅L− 1. The results indi-
cated that the efficiency of the photoelectrochemical reduction of CO2 to 
methanol was 2.6 times higher than that of the solely electrocatalytic 
CO2 reduction reaction and 5.9 times higher than that of the solely 
photocatalytic CO2 reduction reaction (Table 1, Entry 2). Meanwhile, 
Wang et al. coupled a photovoltaic device to an electrochemical cell to 

Fig. 4. Proposed reaction pathways for the electrochemical reduction of CO2 to CO using metal-phthalocyanine complexes. Here, “Pc” represents the phthalocyanine 
ligand and “M” represents the metal center. 
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Table 1 
Summary of metal-phthalocyanine complexes reported as electrocatalysts for CO2 reduction to products other than CO during the period 2019–2023.  

Entry Electrocatalyst Method of CO2 

reduction 
Cathode 
substrate 

Electrolyte pH Potential / V 
vs NHE 

Main product 
(s) 

Faradaic 
Efficiency 
(%) 

Current 
density / 
mA cm− 2 

TOF 
/ 
s− 1 

Electrochemical cell 
design 

Ref. 

1 NH2-substituded Co-phthalocyanine/ 
carbon nanotube 

Electrochemical Carbon fiber 
paper 

0.1 M 
KHCO3 

6.8 − 1.00 CH3OH 32 10 - Two-compartment cell Wu et al.  
[49] 

2 Zn-phthalocyanine /carbon nitride Photoelectrochemical Fluorine 
doped tin 
oxide 

0.1 M 
KHCO3 

6.8 − 1.00 CH3OH 
HCOOH 

- 
- 

- 0.17 Double-cell reactor with 
circulating water 

Zheng et al.  
[51] 

3 Co-phthalocyanine /multi-walled 
carbon nanotube 

Electrochemical Carbon paper 0.1 M KOH 13.0 − 0.14 CH3OH 28 0.6 - Photovoltaic-driven cell Wang et al.  
[52] 

4 Cu-phthalocyanine /carbon black Electrochemical Carbon paper 0.5 M KCl - − 1.50 CH4 

C2H4 

HCOOH 
CH3CH2OH 

6.0 
6.0 
10.0 
15.0 

5.9 - H-cell Latiff et al.  
[43] 

5 Cu- phthalocyanine Electrochemical Glassy carbon 
electrode 

0.1 M 
KHCO3 

6.8 - CH4  52 ± 4 - 0.18 H-cell Zhao et al.  
[53] 

6 Co-phthalocyanine /Zinc-Nitrogen- 
Carbon tandem 

Electrochemical Gas diffusion 
electrode 

1.0 M KOH 14.0 − 1.15 CH4 15 19.9 ± 2.1 - Flow cell Lin et al.  
[54] 

7 Phthalocyanine-Cu-(OH)8/ CuO4 nodes Electrochemical Glassy carbon 
electrode 

0.1 M 
KHCO3 

- − 1.20 C2H4 50 7.3 - H-cell Qiu et al.  
[41] 

8 Heat-treated Cu-phthalocyanine/ 
carbon 

Electrochemical Copper foil 0.5 M 
KHCO3 

- − 0.40 C2H4 43 8.0 - H-cell Li et al.  
[55] 

9 Sn-phthalocyanine dichloride/carbon 
nanotubes 

Electrochemical Carbon paper 0.5 M 
NaHCO3 

- − 0.90 HCOOH 83 - 8.8 H-cell Acharjya 
et al. [56] 

10 Co- phthalocyanine Electrochemical Carbon paper 0.5 M 
KHCO3 

7.2 − 0.88 CH3OH 0.3 0.03 - Three-electrode cell Boutin et al. 
[29] 

11 Au-modulated Cu- phthalocyanine Photoelectrochemical BiVO4 

nanosheet 
0.1 M 
Na2SO4 

- - CH4 - - - Three-electrode cell Bian et al.  
[57] 

12 Zn-phthalocyanine /perylene diimide Photoelectrochemical Prepared film 0.5 M 
Na2SO4 

7.0 − 0.33 CH4 - - - Cylindrical steel reactor Sun et al.  
[58] 

13 Cu-phthalocyanine /graphene/g-C3N4 Photoelectrochemical Fluorine 
doped tin 
oxide 

0.2 M 
Na2SO4 

- - CH4 - - 0.91 Three-electrode cell Kang et al.  
[59] 

14 Phthalocyanine-Cu- 
tetrafluoroterephthalonitrile 

Electrochemical Gas diffusion 
electrode 

0.1 M 
KHCO3 

- − 0.80 (HCOOH +
CH3COOH) 

90 12.5 - Flow-cell Qiu et al.  
[60] 

15 Co-phthalocyanine tetrasulfonamide/ 
carboxylated graphene oxide 

Photoelectrochemical Fluorine 
doped tin 
oxide 

0.1 M 
KHCO3 

- − 0.80 HCOO− 84 1.5 - One-compartment cell Nandal et al. 
[61] 

16 Fe-phthalocyanine /silicon carbide 
derived carbon 

Bio-electroreduction Activated 
carbon fiber 

0.1 M 
NaHCO3 

- − 0.70 HCOO− 58 0.5 - Double-chambered 
microbial electrolysis 
system 

Singh et al.  
[62]  
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provide some of the energy required for CO2 reduction and found that 
the reduction of CO2 to methanol in an aqueous solution using a carbon 
electrode loaded with Co-phthalocyanine complexes showed an overall 
28% Faradaic efficiency taking into account a two-step procedure, with 
the first step being CO2 reduction to CO (with Faradaic efficiency of 
95%), followed by reduction of CO to CH3OH with a Faradaic efficiency 
of 21% (Table 1, Entry 3) [52]. 

In metal-phthalocyanine complexes, the selection of the support 
material for the catalysts is crucial, as it serves as both an anchor point 
and an electron source, strongly influencing the catalyst’s function. 
Carbon supports are commonly used, with activated carbon, graphene 
oxide, carbon nanotubes and carbon black all having been employed. 
For example, Latiff et al. proposed that Cu-phthalocyanines supported 
on carbon nanotubes and carbon black give a higher Faradaic efficiency 
for C1 and C2 products (CO, HCOOH, CH4, C2H4 and CH3CH2OH) than 
Cu-phthalocyanines supported on graphene oxide or activated carbon, 
and proposed an order of activity for Cu-phthalocyanines on carbon 
supports as follows: carbon black > carbon nanotubes > activated 

carbon > graphene oxide (Table 1, Entry 4), which was found to match 
the order of electrical conductivity (with carbon black and carbon 
nanotubes being the more conductive substrates) [43]. The dimensions 
of the carbon support were also held to be a key determinant for the CO2 
electroreduction activity of the supported Cu-phthalocyanine com-
plexes. Nanotubes that were long and thin (in the range of 10–30 nm in 
diameter and 10–30 µm in length) were found to be more effective 
compared to shorter and thicker structures, which was attributed to the 
fact that long and thin nanotubes were found to have the lowest charge 
transfer resistance (Rct) by electrochemical impedance spectroscopy and 
to exhibit a larger electrochemical surface area compared to shorter and 
thicker nanotubes [63]. Furthermore, it was found that 
Cu-phthalocyanine complexes supported on thick and short carbon 
nanotubes produced H2 as the main reduction product (Faradaic effi-
ciency = 99%), while Cu-phthalocyanine complexes supported on long 
and thin carbon nanotubes produced more products of CO2 reduction 
such as CO, HCOOH, CH4, C2H4 and CH3CH2OH. Carbon 
black-Cu-phthalocyanine had a higher carbon product conversion 

Fig. 5. Proposed reaction pathway for the electrochemical reduction of CO2 to CH3OH using NH2-substituted Co-phthalocyanines supported on carbon nanotubes.  

Fig. 6. a: A schematic representation of the photoelectrochemical CO2 reduction cell. 6b: The proposed electron transfer route between carbon nitride nanosheets 
and Zn-phthalocyanine under irradiation. 
Adapted from reference [51]. 
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(81.8%) as compared to Cu-phthalocyanines supported on carbon 
nanotubes (66.3%) [43]. FTIR and XPS data were collected on the 
as-prepared materials, suggesting that the Cu-phthalocyanine com-
plexes remained intact on the surface of the nanotubes. However, no 
analysis of the materials was conducted after the catalytic process. This 
potentially throws some doubt over the conclusions of this work, as 
several authors have reported that metallic Cu clusters, derived from 
Cu-phthalocyanines, are the active species in other CO2 
electro-reduction processes [64–66]. Furthermore, Lyu et al. [67] have 
shown that traces of Cu as low as 0.042 μg cm− 2 can act as an effective 
CO2 electro-reduction catalyst, leading to potentially spurious results if 
the effects of trace metal impurities (or decomposition of molecular 
catalysts) are not properly considered. 

It is known that the activity and selectivity of electrochemical CO2 
reduction is influenced by a range of factors, including the structure and 
composition of the catalyst, the electrolyte, the pH, and the design of the 
electrochemical cell [11]. It is possible to obtain electrochemical CO2 
products beyond two electron-reduced species such as CO and HCOOH 
using unmodified phthalocyanine compounds. For example, CO2 
reduction was tested in a H-cell using commercial Cu-phthalocyanine as 
an electrocatalyst, giving a maximum Faradaic efficiency for CH4 pro-
duction of 52 ± 4% and a turnover frequency of 659 h− 1 at − 1.23 VRHE 
(Table 1, Entry 5) [53]. 

Metal-nitrogen active sites embedded in carbon have shown 
remarkable Faradaic efficiencies for electrochemical CO2 reduction 
[68]. These materials can enhance the activity of metal-phthalocyanine 
compounds beyond that which can be achieved with traditional carbon 
supports, offering additional sites for CO2 activation, improved catalyst 
stability, and increased selectivity towards desired products. For 
example, Lin et al. synthesized a tandem catalyst (metal-nitrogen-active 
sites embedded in carbon) containing Co-phthalocyanine and 
zinc-nitrogen-carbon and found that this catalyst combination showed a 
greater than 100 times improvement in the relative CH4/CO production 
rate compared to either Co-phthalocyanine or zinc-nitrogen-carbon on 
their own (Table 1, Entry 6) [54]. It was suggested that this type of 
tandem catalyst overcomes the constraint of linear scaling relationships 
for the adsorption of key intermediates, leading to a remarkable increase 
in the selectivity for primary C1 and C2+ products that are reduced by 
more than two electrons. The obtained experimental results were 
corroborated by DFT analysis, highlighting a synergistic effect between 
the Co-phthalocyanine and the Zn-N-C structure. This revealed a 
sequential process, wherein the Zn-N-C surface actively contributed to 
the reduction of *CO to CH4. It was shown that the reaction kinetics of 

*CO hydrogenation were more favorable with a tandem catalyst than 
with Co-phthalocyanine alone and that the CO hydrogenation rate was 
approximately twice as high as that of CO2 hydrogenation on the tandem 
catalyst [69]. The suggested reaction pathways are summarized in  
Fig. 7. It was proposed that the initial step in the process involved the 
reduction of CO2 to CO on Co-phthalocyanine. Subsequently, the CO 
molecule diffused to Zn-N-C and was further reduced to CH4 on ZnN4 
through a pathway that involved the intermediate species *CH. 

The electroreduction of CO2 to C2H4 is a crucial and challenging 
undertaking due to its multi-electron nature. The production of C2H4 via 
electroreduction of CO2 requires the transfer of 12 electrons, which is a 
significantly higher number of electrons compared to 2 electrons and 8 
electrons required for the formation of CO/HCOOH and CH4, respec-
tively. Very recently, Qui et al. reported a highly selective reduction of 
CO2 to C2H4 using a two-dimensional metal-organic framework con-
structed from phthalocyanine-Cu-(OH)8 and CuO4 nodes with Faradic 
efficiency for C2H4 production of 50% at − 1.2 VRHE (Table 1, Entry 7) 
[41]. They suggested that their two-dimensional structure could help to 
lower the energy barrier required for C-C dimerization, which is a vital 
step for CO2 reduction to C2H4. The electrocatalytic reduction mecha-
nism was suggested to involve a synergistic effect between the 
Cu-phthalocyanine and CuO4 components [41]. The authors also studied 
their electrocatalysts after reaction using powder X-ray diffraction, 
scanning electron microscopy, transmission electron microscopy, and 
X-ray photoelectron spectroscopy, as well as during catalysis by in-situ 
operando X-ray absorption spectroscopy, and claimed that no signals 
attributable to Cu(0) or changes in the Cu K-edges were apparent and 
that no evidence of Cu-Cu bonding could be seen in the X-ray absorption 
near-edge structure profiles. These data together were held to suggest 
that the Cu-phthalocyanine remained intact after catalysis. 

3. Concluding remarks and future perspectives/challenges 

This review gives an overview of reports of metal-phthalocyanine 
complexes as electrocatalysts for CO2 reduction to products other than 
CO from recent years. Generally, metal-phthalocyanine complexes tend 
to produce CO as the main reaction product of carbon dioxide electro-
reduction; however, as summarized here, there is an ever-growing body 
of reports where deeper reduction of CO2 is evident. Creating an efficient 
metal-phthalocyanine catalyst for CO2 reduction requires identifying 
reaction intermediates and pathways, and modifying the catalyst’s 
chemical composition and structure to enhance electrochemical CO2 
reduction selectivity while inhibiting the competing hydrogen evolution 

Fig. 7. A proposed reaction mechanism for electrochemical reduction of CO2 to CH4 over a tandem catalyst containing Co-phthalocyanine and zinc-nitrogen- 
carbon [54]. 
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reaction. Co-phthalocyanine complexes are at the forefront in this 
regard. 

However, there remains room for significant improvement. Amongst 
the strategies for increasing yields of non-CO products, modification of 
the ligand scaffold and tuning of the substrate support still offer 
considerable scope for exploration. For example, the low dispersibility 
and poor catalytic efficiency of metal-phthalocyanine complexes in 
water and common organic solvents limit their potential applications. 
By modification of ligands, the solubility of metal-phthalocyanines in 
organic solvents and aqueous solutions could be improved, which would 
improve their tractability and facilitate their use under a wider range of 
conditions. Likewise, direct immobilization of metal phthalocyanine 
molecules on electrodes can result in the formation of molecular ag-
gregates, which in turn impairs catalytic performance for CO2 reduction. 
Other challenges include the demetalation of the complexes during CO2 
reduction, leading to the formation of metal clusters that may be the 
active catalytic species [64–66]. Key factors affecting the formation of 
un-ligated metal species include the presence of CO2 reduction in-
termediates, solution pH, temperature, catalyst dispersion on the elec-
trode surface, the nature of the electrode support materials, and 
substrate surface properties. It is therefore essential that (as a minimum) 
analysis is performed on catalysts post-reaction in order to ascertain 
whether or not the original metal-phthalocyanine complexes are still 
intact, or if demetalation and formation of metal/metal-oxide clusters 
has occurred. Other challenges that remain include optimization of the 
interactions between the metal-phthalocyanine complexes and the 
substrate supports in order to enhance the catalytic activity of these 
molecules [22] and facilitate deeper CO2 reduction [70], and scale-up 
from laboratory to demonstrator size (for example, by boosting elec-
trode areas, current densities and Faradaic efficiencies) [71]. If these 
challenges can be overcome, then metal-phthalocyanine complexes 
could present a cost-effective and easily tunable class of electrocatalysts 
for the production of a range of valuable fuels and chemical feedstocks 
from carbon dioxide. 
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