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promise as the combined merits of unique 3d

Growing energy demand drives the rapid development of clean and reliable energy
sources. In the past years, the exploration of novel materials with considerable
efficiency and durability has drawn attention in the area of electrochemical energy
conversion. Transition metal macrocyclic metallophthalocyanines (MPcs)-based

electronic configuration, low cost, and redox
properties. Among them, M-N,—C materials
with both specific macrocyclic structures and
well-defined catalytically active units represent a

catalysts with a peculiar 2D constitution have emerged with a promising future
account of their highly structural tailorability and molecular functionality which
greatly extend their functionalities as electrocatalytic materials for energy
conversion. This review summarizes the systematic engineering of synthesis of
MPcs and their analogs in detail, and mostly pays attention to the frontier
research of MPc-based high-performance catalysts toward different
electrocatalytic processes concerning hydrogen, oxygen, water, carbon dioxide, and
nitrogen, with a particular focus on discussing the interrelationship between the
electrocatalytic activity and component/structure, as well as functional
applications of MPcs. Finally, we give the gaps that need to be addressed after

much thought.

1. Introduction

Over recent years, increasingly prominent environmental issues have
drawn much attention because of the tremendous challenge of rapidly
climbing trends in energy Consumption.m At present, the conversion
and utilization of sustainable energy through (photo)electrochemical
devices (or systems) are expected to replace the position of traditional
fossil fuels in the energy industry chain.™*! In this aspect, clean energy
conversion technologies play a key role in economic development. To
effectively accelerate these energy conversions, high-efficiency electro-
catalysts are extensively adopted.

Nowadays, although precious metal-based catalysts (e.g., Pt/C, Ir/C,
RuO,) are still popular in large-scale commercial markets, their extre-
mely stiff price and scarce reserves limit the large-scale applications of
electrocatalytic devices/systems.!! It is therefore of great importance to
develop cheap and viable alternatives.””] Nanostructures based on transi-
tion metal elements (Fe, Co, and Ni) have been endowed with great
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class of molecular-scale catalysts, such as metal-
lophthalocyanines (MPcs) and metalloporphyr-
ins (MPys), where M represents non-noble
transition metal elements with particular 3d
electron configurations located on the center of
planar organic molecules. ']

Especially, the MPc-based materials demon-
strated a significant contribution in the field of
electrocatalytic energy conversion (Figure 1),
however, moderate catalyst activity and perfor-
mance were generally obtained, partly due to
their =101 1y addition,
almost all alternative energy technologies are

insulating nature.

limited by the intrinsic properties of current
materials. For example, the strong n—7 stacking
interaction of MPcs resulted from the large m-conjugated system made
micromolecules easy to agglomerate, which not only restricted the con-
tact with reactants but also reduced the electron transfer ability, dimin-
ishing the electrocatalytic activity.[“’lz] Therefore, supporting carriers
were introduced to not only significantly improve the electrical conduc-
tivity of the material via the modulation of the surface properties of
MPcs but also retard the agglomerate phenomenon, enhancing the elec-
trocatalytic processes‘[w’lﬂ On the other hand, MPc-based metal—
organic frameworks (MOFs) and covalent organic frameworks (COFs),
anew type of crystalline porous layered materials that integrate the cata-
lytically active molecules via precise linkages, have gradually become
potential heterogeneous candidates for electrocatalysis. In addition, dur-
ing long-term electrochemical cycling, ion delocalization/clustering
may occur and generate lattice stress within the electrode material, lead-
ing to structural degradation and crushing in the frameworks.[*!
Hence, it is expected to design high-efficiency and robust electrocata-
lysts to meet the practical applications, which also lays a foundation for
electrocatalysis theory. (el
Therefore, the electrical conductivity of the material should be fully
considered to improve the electrocatalytic performance. Up to date,
there are some excellent review articles on the progress of MPc-based
electrocatalysts mostly focusing on MPc molecules and/or single mole-
cular units compounded with a carbon-based substrate for energy con-
version, but the metal macrocyclic structures with fascinating
conjugation effects have been rarely summarized.!'’72'7 Besides, the
insulating nature of individual MPc molecular units severely influences
the electrocatalytic performance, and needs to be effectively alleviated.
Thus, it is of great value to review the latest MPc materials in the
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Figure 1. Schematic diagram of MPc materials applied on energy conversion
application.

construction of 2D-conjugated macrocyclic frameworks for available
applications.

In this respect, we give an overview of the research advances of
MPcs, with an emphasis placed on MPc-based conjugated porous mate-
rials. Typically, the catalytic activity around active sites in MPc materials
can be optimized through unique electronic configuration regulation.
Unlike the reported reviews, this article summarizes the structural
adjustment and performance improvement of representative conjugated
MPcs for the first ime. In particular, two methods including support
loading and macrocyclic conjugation strategies, widely adopted to
enhance the electrocatalytic performance, have been introduced in
detail. First, we summarize the structure features and basic physico-
chemical properties of MPcs. Then, the general synthetic techniques of
MPc catalysts are described for supported metal phthalocyanines and
conjugated metal phthalocyanines. Subsequently, catalytic applications
of MPc-based electrocatalysts as electrode materials in various electro-
chemical reactions are mainly discussed, such as hydrogen evolution
reaction (HER), oxygen evolution reaction (OER), oxygen reduction
reaction (ORR), carbon dioxide reduction reaction (CO,RR), and nitro-
gen reduction reaction (NRR). Meanwhile, with rational composition
optimization and structure design, the electronic configuration on the
nanostructures is effectively modulated to achieve the most suitable
adsorption strength of intermediates, and the underlying structure—
activity relationship of the electrocatalysts is revealed. At last, develop-
ment challenges, as well as outlooks of MPcs materials, are proposed. It
is expected that this review may provide an in-depth reflection of the
importance of electronic modulation on the MPc-based catalysts and
offer significant inspiration for enhanced catalytic performance by
microstructure engineering in molecular catalysis platforms.

2. Structure and Basic Physicochemical Properties
of Metallophthalocyanines

In 1907, Braun and Tcherniac obtained a certain amount of blue preci-
pitates and accidentally discovered the first nuclear-free phthalocyanine
compound (H,Pc).l">**} As shown in Figure 2a, MPcs as derivatives
of MPys composed of four isoindoline units with 18 m—electrons and
its molecular structures are similar to the porphyrins, a kind of active
substance existing in the biological world. [47261 The difference is that
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N reasonable to speculate that assembling the unit
molecules into highly ordered crystal structures
with enhanced physicochemical properties would
be an ideal way to overcome these problems.
Here, MPc-based conjugated frameworks based
on molecule modular constructions can exhibit
superior competitive advantages and features,
such as unique surface interactions, charge trans-
port, electromagnetism, and electrocatalytic func-

Figure 2. Molecular structures of MPcs and conjugated MPcs. a) The basic derivative process of
phthalocyanine macrocycle and MPc molecular structure with descriptive terminologies for relevant
positions around the molecule highlighted. Reproduced with permission from Ref. [31]. Copyright
2015, American Chemical Society. b) The structural diagram of the D-P-CoPc structure unit with
highlighted signs and descriptive terminologies. c) The structural diagram of CoPc-MOF-1992.
Reproduced with permission from Ref. [45]. Copyright 2019, American Chemical Society.

synthetic heterocyclic compounds MPcs whose four benzene rings
expand the conjugated system endowed with good electroactivity
themselves.”-**! The structure of MPcs was tuned by introducing dif-
ferent types of substituents at the peripheral and/or bay positions and
intercalating different central ions coordinated to the Pcs.””~*!1 Toward
the electrocatalysis application, Jasinski applied CoPc to the cathode of
fuel cells without precedent in 1964. This pioneering work showed
that CoPc exhibited remarkable electrochemical performance for the
reduction of oxygen molecules in alkaline electrolytes,l*3%*%]

At present, MPcs (M=Fe, Co, Ni, and Cu) are the most widely
used MPc-based catalysts. In some specific cases, MPcs can be oxidized
and/or reduced to different valence states, such as Fe(Il)«<>Fe(III) and
Co(II)«>Co(III). Among the metal ions with oxidation valence higher
than +2, MPc molecules with smaller ionic radii tend to generate
axial ligands, such as AI(TIT)Pc—Cl or Mn(III)Pe—CLP*! The presence of
axial ligands tends to influence the M—N, catalytic activity through
asymmetric geometrical configurations provided by mechanistic
modeling.****! While metal ions with much higher coordination
numbers (i.e., rare earth metals) have larger ionic radii and may form
sandwich-like metal complexes (symmetry/asymmetry).>”**! Due to
7—7 interactions, MPcs are capable to show low-dimensional inferior
conductivity along the column direction after Crystallization.[39] With
the charge increase of the central ions, more electric field strength and
higher ion potential are obtained."***'1 The variation of central ions
leads to the difference in the framework and stacking patterns, which
enables the optimization of the physicochemical properties of MPcs
and their analogs.

Considering that MPc small molecules themselves possess poor elec-
trical conductivity and chemical stability as those described earlier, it is
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tion, which have great potential for further
development. The ability of MPc frameworks, for
instance, unique electrochemical performance, is
due to their specific stacking orientation and
excellent m—x overlap of the MPc units. Previous
studies have demonstrated that conjugated MPc
copolymers showed increased electrocatalytic per-
formance over the monomers.[**™**! In this con-
text, MPc-based frameworks can offer extended
conjugated structures, high porosity, enlarged
specific surface area, redox-active surface, and
increased active sites accessibility. For example,
the defective polymeric CoPc (denoted as D-P-
CoPc in Figure 2b) exhibits considerable potential
in the CO,RR owing to the synergistic effect
between the improved surface CO, binding affi-
nity and electron-rich state in defective sites of
the active frameworks, which may be ascribed to
the concentration of higher m—electron conjuga-
tion environment in the active sites."**] CoPc-
MOF-1992 with a high-conductive framework
exhibits accessible Co active sites with charge transfer properties to pro-
mote the reduction of CO, to CO (Figure 2¢).**! The polymers as elec-
trocatalysts participate in concerted multielecron reduction. In
addition, the enhanced charge delocalization in polymeric systems may
increase not only the electron density at the core metal ions but also the
electronic conductivity of the complex.*”1 Therefore, reasonable mod-
ule architectures and designs of MPc conductive framework materials
based on functional building blocks present a perspective opportunity
for scientific research of reticular chemistry.

The 18-1 electron-conjugated structure of the inner 16-membered
ring dominates the spectroscopic properties of MPcs. In general, the
electronic absorption of MPc molecules consists of two strong bands,
corresponding to 7(ay,)-t*(ey) (B band) and m(a;,)-m*(ey) (Q band)
transitions, which appears in the ultraviolet region around 300—400 nm
and the visible region at 600-700 nm, respectively (Figure 3a,b).[***”]
The orbital energy level difference of electrons from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) is closely related to the Q band, while the B band is less
affected by the external environment, and attributed to the material
itself**°%) The positions of characteristic bands (especially the Q band)
tend to shift (red shift/blue shift) with the type and connection of cen-
tral metal ions, the substituent group of peripheral/bay position, sol-
vents, and the strength of conjugation.[so’“] In addition, the charge
transfer transition state (CTTS) is also shown due to the interaction of
charge transfer between ligand and metal (Figure 3c).[52’53] Further-
more, the introduction of substituents and copolymerization may cause
a significant change in the electron configuration on the MPcs ring, thus
resulting in a shift of the Raman peak. The in situ electronic spectrum
measurements thus provide an ideal platform for the characterizations
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Pc macrocycle

possibility to expand the functionalities and
apphcations.[s‘}’w] For instance, based on m—m
stacking interactions, the dispersion of reduced
graphene oxide (rGO) and FePc in organic sol-
vents (such as ethanol and dimethylformamide
[DMF]) resulted in the target production at
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Figure 3. Typical electronic absorption spectra of MPcs. a) B and Q bands, b) Gouterman'’s four-
orbital model, and c) CTTS. Reproduced with permission from Ref. [53]. Copyright 2022, Elsevier B.V.

of the real-time changes of MPcs, such as the evolution of atomic
valence bonds and structure during the reaction, which have also
become one of the supporting means to determine the rate-determining
step (RDS).

3. Synthesis of Metallophthalocyanines

The research on MPcs has been going on for nearly a 100 years.
Through the coordination of a simple ligand unit with the central metal
ion, MPc is formed as a metal macrocyclic structure, where the
metal ion acts as a template. Two synthetic ways are widely used for
the preparation of MPcs: one uses phthalonitrile as the raw material,
while the other adopts phthalic anhydride as the starting material (Fig-
ure 4).1'%) Some precursors containing double-bond functionalities also
be used, such as phthaloamides, phthalic acid, and isoindole-1,3-
diimine. For metallophthalocyanine composites and conjugated metal-
lophthalocyanines, the preparation approaches are summarized next.

3.1. Metallophthalocyanine Composites
Molecular modification over the carrier surface is suitable for applica-
tions requiring high electroconductivity. Over the past few years,

diverse 2D phthalocyanine complexes, such as MPc/carbon, MPc/ox-
ide, and MPc/MoS,, have been successfully developed, offering a great

C[CN DBU, M Q\
—_—
CN NN
phthalonitrile @QN’M"N;:ED
o N

urea, M™* N =N
8, R
(0]
phthalic anhydride MPc

Figure 4. The common synthetic methods of MPcs.
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room temperature with the aid of ultrasound
7 b (Figure 5a)."°®! Figure 5b shows FePc on rGO
/ sheets, in which FePc was prone to agglomerate
with an average size of 40-50 nm. However,
ideal hybrids assembled by thinner nanosheets
have not yet been achieved and are still expected.
Kenichiro Irisa et al. reported the nanocomposite
without aggregation, which was developed by
elecrochemically reducing a combination of
monolayer GO dispersion and well-dispersed
FePc in CHCl; (denoted the composite as
ER(FePc/GO))."1 In  this procedure, the
adsorbed atoms in solution reach the lattice
growth point by surface diffusion, thus gradu-
ally inducing nucleation and subsequent crystal-
lization, as evidenced by the signals of restacked GO and recrystallized
FePc in Figure 5c. This preparation method for MPc-based nanomater-
ials is quite fast, scalable, and rarely limited by nanograin size or shape
restrictions. In addition, the addition of the alkoxy chains on the per-
iphery of the heterocycle helps to inhibit the aggregation of MPcs on
the graphene sheets and further controls the morphology/structure of
samples. For example, a sterically hindered CoPc could be immobilized
on the surface of chemically converted graphene by m—n stacking.[f’o]
Besides, plasma technology is a powerful tool for surface modification
of materials due to its significant etching ability. CoO,/CoPc was
achieved on the CoPc surface by the growth of CoO, nanodots under
0, plasma treatment (Figure 5d).[*' The morphology of CoO,/CoPc
changed dramatically with the treatment duration. Specifically, a layered
structure consisting of small particles and a large number of pores was
formed on the surface of the CoO,/CoPc-10 sample at a treatment time
of 10 min (Figure Se). The successful formation of highly crystalline
nanodots in situ grown layered structure and interfacial structure with
CoPc, as evidenced by Figure 5f,g, shows that the surface exposed Co
atoms in CoPc are oxidized by oxygen plasma to form CoO,, making

the solid powder color from purple to black.

On the other hand, non-carbonous 2D substances such as Mo$S, have
also been widely studied as supporters to anchor FePc molecules. FePc/
MoS, hybrid nanostructure prepared by a one-step solvothermal pro-
cess in which FePc and ammonium tetrathiomolybdate ((NH,),MoS,)
were adopted as the starting materials (Figure 6a—c).[62] The annular
dark-field (ADF) STEM and XRD pattern confirmed MoS, as 1T" phase
in the product (Figure 6d,e), while the HRTEM image as depicted in
Figure 6f revealed that the dyo, interlayer spacing of MoS, layers
increased to 9.5 A, and the distance between the intercalated FePc and
MoS, layers is ~3 A, confirming the alternate assembly of FePc with
2D MosS, sheets. Furthermore, organics also hold great prospects as sup-
porting substrates for the construction of MPc-based nanocomposites.
As an example, FePc-loaded Ni-MOF nanosheets (named FePc@Ni—
MOF) were prepared by an ultrasound-assisted solution technique
(Figure 6gh), in which 1,4-benzenedicarboxylicate (H,BDC),
NiCl,-6H,0, and FePc were dissolved or dispersed in a mixed solvent
of DMF, ethanol, and water to obtain a well-blended suspensionA[“]
After continuous sonication, uniformly deposited FePc on the 2D MOF
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ferent connecting groups may provide more
options for the diversity of polymers, which
tunes the physicochemical properties.

Based on the rational design of COF materials,
both the shape of the monomer component and
the molecular configuration of the connection
point not only determine the synthetic network

2

Oxygen plasma

Surface treatment

Figure 5. The synthesis of supported MPcs. a) Schematic illustration of the interaction between
Graphene and FePc toward ORR process. b) TEM image of FePc/rGO composite. a, b) Reproduced
with permission from Ref. [58]. Copyright 2013, American Chemical Society. c) XRD patterns of GO,
FePc, GC-plate FePc/GO, and ER(FePc/GO). Reproduced with permission from Ref. [59]. Copyright
2021, RSC Adv. d) The illustration for the synthesis process of CoO,/CoPc samples treated with O,
plasma. e) SEM and f, g) HRTEM images of CoO,/CoPc-10 sample. e—g) Reproduced with permission

from Ref. [61]. Copyright 2022, Elsevier Ltd. A.

was obtained. Compared with inorganic substances, organic counter-
parts may provide infinite choices for the design of advanced electroca-
talysts. The above cases have evidenced the vital roles of supporters in
tuning the electrocatalytic activity. Further explorations may be focused
on the design and development of novel conductive substrates for the
improvement of practical applications, particularly in catalysis fields.

3.2. Conjugated Metallophthalocyanines

The construction of conjugated MPc copolymers is considered one of
the effective strategies to alleviate sluggish electron transfer as well as
molecule agglomeration. MPcs and their analogs can be polymerized to
form a class of MPc-based 2D-conjugated frameworks with target
structures and functions via rational design and modular construction
of the molecular structure. In particular, under high-temperature
conditions, MPcs can typically occur cyclotetramerization taken
1,2,4,5-tetracyanobenzene (TCB) or pyromellitic anhydride as precur-
sors, which has been described for the preparation of the correspond-
ing 2D network metallic polyphthalocyanines (MPPcs) (Figure 7).
These as-obtained pure polymers have an exceptional electronic con-
ductivity along the planar structures, which are comparable with

Energy Environ. Mater. 2024, 7, €12709
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20 topology, molecular scale, dimension, and elec-
tronic arrangement, but also directly affect the
pore structure and morphology. For the func-
tional design and property optimization
of materials, structural units with large conju-
gated delocalized m electrons, such as olefin,
pyrene, porphyrin, and triazine, are usually
introduced.!°*®1  After continuous explora-

10 15
26 (degree

tion, a variety of organic reactions including
several typical condensation reactions (such as
Schiff base condensation, dehydration self-
polycondensation or hydroxyl condensation of
boric acid, and cyano self-polymerization)
have been developed for building MPc grid
materials.””7%! The cross-coupling reaction is an
attractive pathway to connect and assemble MPc
organic monomers due to the efficient selectivity
for a specific target molecule, in which two
organic units are highly coupled to build a single
molecule. Based on this, a piperazine-linked
COFs was developed with high electrical conduc-
tivity and stability.””"] Furthermore, Yue et al.
designed two novel bimetallic polyphthalocya-
nine COFs with high crystallinity, including
CuPcFg-CoPc-COF  and  CuPcFg-CoNPc-COF,
using MPc molecules nucleophilic aromatic sub-
stitution reaction.”? Typically, the nucleophile
interacts with the leaving group, which can
occur on the benzene ring with special active
groups such as strong electron-withdrawing substituents. While for
MOFs, the organic ligands of the MPc units and bridged metal single
atoms/clusters can function as immobilizing reactive sites during
the catalytic conversion, leading to differences in the electron
mobility of the entire framework, and thereby determining the cat-
alytic performance of MOFs. The structure of MOFs is highly func-
tional, and a variety of topological molecules can be formed by
adjusting the number of dentitions of ligands.

Furthermore, ultrathin 2D nanosheets have been gifted with consid-
erable potential because of the unexpected physicochemical properties
that differ from their bulk counterparts. More active sites in favor of
carrier mobility of nanosheets and can effectively improve electrical
conductivity. Until now, conjugated MPcs nanosheet-layered materials,
i.e., 2D MPcs COFs (MOFs), have been extensively reported following
top-down and bottom-up methods.”?! The top-down methods mainly
utilize peeling technology to destroy the noncovalent interaction
between neighboring layers by an external force.l’*! These allow the
disintegration of the bulk structure to produce unilaminar or few-layer
nanosheets with large lateral dimensions. Through manual/mechanical
ball milling or liquid-phase exfoliation methods, the interlayer interac-
tions of the bulk crystals are disrupted and the ultrathin nanosheet-like
structures are thus achieved. Wang et al. first synthesized regular bulk
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atomic force microscopy (AFM) image, the
thickness of the resulting nanosheets was
~7nm, corresponding to approximately 10
monolayers (Figure 8b). In addition, through
adding different edge sealing agents in polymer
precursors, selective edge functionalized 2D thin
layers conjugated aromatic networks CAN-Pc
(Co)x (x =0, 1, b, and p, which represent four
different edge structures, namely phenyl,
naphthyl, tertbutyl phenyl, tetraphenyl) were
exfoliated by ball milling (Figure 8c,d).l”* The

marginal modification of acid anhydride substi-
tuents can increase the interlayer distance at the
edge while decreasing the m—m interaction. Dur-
ing the ball milling, the small balls in the grind-
ing cylinder collide and squeeze each other to
strip off the bulk CoPPc-x into nanoplates. While
in ultrasonic liquid phase delamination pro-
cesses, an appropriate control agent can bring
great benefits to the delamination process. Bulk
ethynyl-linked MPc-conjugated polymers (CPs)

Figure 6. The construction and characteristics of MPc composites. a) Optimized structures (the ball-
and-stick model) of the 1T’ phase MoS,-FePc in the top and side views. b) i) HRTEM image showing
the general morphology of the FePc-MoS, hybrid complex and ii) high-angle annular dark-field

were prepared from two phthalocyanine mono-
mers M[Pc(I)4] and M[Pc(ethynyl),] via a cou-
pling reaction.”””®! Through the subsequent
solvent-assisted liquid sonication, the bulk MPc-
CP materials may be exfoliated into ultrathin 2D
nanosheets (Figure 9a). Taking the bimetallic
compound Feg sCog sPc-CPs as an example, the
yield ratio of Feg sCog sPc-CP nanosheets (NSs)
can reach up to ~36% and 51% for 2 and 8h,
separately, after the homogeneous dispersion of
the copolymer in ethanol followed by ultrasonic
stripping. Feg sCog sPc-CP NSs showed a smooth

scanning TEM (HAADF-STEM) image. c) EDX elemental mapping of FePc-MoS, hybrid. d) Atomically surface with a uniform thickness of ~1.05 nm,
resolved ADF STEM image of the basal plane and the simulated atomic structure. e) XRD patterns of corresponding to three monolayers (Figure 9b,c).
FePc-MoS,, H,Pc-MoS,, and MoS, complexes. f) Lattice-resolved TEM images for the side plane and It should be noted that after the delamination
their intensity profile across the interlayers. a—f) Reproduced with permission from Ref. [62]. process, the crystalline precursor was trans-

Copyright 2019, The Royal Society of Chemistry. g) lllustration of the synthesis process and h) TEM
image of FePc@Ni-MOF nanocomposite. g, h) Reproduced with permission from Ref. [63]. Copyright

2021, American Chemical Society.
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o} O —m
Y
O o L —n
pyromellitic anhydride MPPc

Figure 7. The common synthetic methods of reticular MPPcs.

Ni,[CuPc(NH)g] crystals, and then thin Ni,[CuPc(NH)g] nanosheets
were obtained with a yield of 40%—50% by exfoliating the bulk pre-
cursor through a ball milling mechanical method (Figure 8a).”*! Dur-
ing the exfoliation process, NaCl/KCl as an intercalating agent was
crucial in lowering the shear forces of adjacent interlayers and enabled
the mild delamination of the stacked MOF layers. As evidenced by the
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formed into the amorphous phase structure
(Figure 9d-f). The bright dotted regions
observed in the aberration-corrected HAADE-
STEM image are attributed to single Fe/Co-N,
coordination sites in the Feg ;Coy sPc—CP NSs framework. However,
the low yield of as-exfoliated few-layer films restricted by the aggrega-
tion effect needs to be further improved.

Additionally, the bottom-up approach is another conventional strat-
egy for the direct preparation of ultrathin sheet-like nanostructures
through controlled crystal growth along lateral orientation.”®”%1 As the
combined merits of simple operation and facile control, hydrother-
mal/solvothermal procedures are the most popular bottom-up methods
for MPcs. In such closed systems, reactants are usually mixed and/or
dispersed in an aqueous /nonaqueous system to achieve the purpose
of the reaction with all of the dissolution, dispersion, and chemical
reactivity of the reactants greatly improved. Yi et al. successfully
synthesized conjugated 2D NiPc—NiO, MOF nanosheets of AA
stacking with a thickness of 1.65nm (i.e., ~5 layers) by the reaction
of nickel phthalocyanine-2,3,9,10,16,17,23,24-octaol (NiPc—OH) and
Ni(OAc),-4H,0 in water at 85 °C for 24 h (Figure 9g-k).[*") Besides,
surface-mediated synthesis guides the preparation of conjugated MPcs
nanolayers under ultrahigh vacuum or liquid conditions. For example,

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 8. The preparation of conjugated metallophthalocyanines. a) Schematic illustration of the
exfoliation of bulk Ni,[CuPc(NH)g] 2D ¢-MOF into nanosheets. b) AFM images of Ni,[CuPc(NH)g] 2D ¢
MOF nanosheets. a, b) Reproduced with permission from Ref. [75]. Copyright 2020, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. c) AFM images of CAN-Pc(Co)-x. d) A schematic representation of the edge
expansion of CAN-Pc(Co)-x caused by the presence of the edge-functionalized anhydride groups. ¢, d)

pathway.!¥] Considering the energy conversion
efficiency, the direct 4e~ reduction pathway,
ie., the reduction of oxygen into water or
hydroxyl ions (in acid and alkaline electrolytes,
respectively), is generally expected.[ss’gg] The
reaction mechanisms of the ORR are expressed
in Figure 10a.°")

The direct transfer mechanism of ORR can
be zoned into dissociative and associative
processes in essence. For the catalytic process
of the MN,-based species, there are two
possible modes of adsorbed oxygen: side-on
(shoulder-type) adsorption and end-on adsorp-
tion configuration.””"”*) Previous studies have
demonstrated that the end-on oxygen configura-
tion tends to be more stable for an O, molecule
adsorbed on M-N, sites.”3] In the real system,
heterolateral coadsorption may also occur. For
MPc materials, the well-defined active site struc-
ture makes it an excellent candidate for efficient
ORR. Importantly, the ORR activity is associated
with electrochemical and electronic properties
such as metal redox potential, binding energy of
oxygen-containing intermediates, d-orbital elec-
trons, and energy levels.”*] The M(IIT)/M(IT)
redox potentials as mediators should be close to

Reproduced with permission from Ref. [76]. Copyright 2020, American Chemical Society.

K. Selvaraju et al. fabricated Co-based polyphthalocyanine nanosheets
via 2D packaging arising from a metal-oriented surface reaction, in
which the reactant TCB was mixed with anhydrous cobalt chloride
(CoCly, a precursor and catalyst for CoPPc-based materials) and
quinoline.®®") Through mild directed surface reaction engineering, por-
ous nanosheets with highly ordered atomic structures were formed in
microwave treatment (e.g., 800 W for 10 min). The detailed compari-
son of the synthetic methods for 2D layered MPc nanosheets is summar-
ized in Table 1. Considering the excellent electron transport capability
over 2D planes, ultrathin polymeric MPc nanosheets are admirable can-
didates. Moreover, it is believed that when such MPc copolymers are
assembled with redox-active inorganic materials (2D counterparts in
particular), the electrocatalytic performance will reach new heights
because of the strong interfacial coupling effect.’®*#¥] Therefore, the
rational screening and accurate structure design of the catalyst laid a
solid foundation for the development of the electrocatalysis field.

4. Electrocatalytic Energy Conversion of
MPc-Based Catalysts

4.1. ORR

4.1.1. Electrocatalytic ORR Mechanism of MPcs

Oxygen widely existing in nature has relatively high redox potential
and is utlized as a readily available gas for energy conversion in
sustainable energy conversion systems, like the core cathode of

fuel cells.®*~*¢! The ORR is a complex electron transfer process, which
occurs via either a direct or indirect four-electron (4e™) transport

Energy Environ. Mater. 2024, 7, €12709
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ORR potential to drive the occurrence of the
ORR. Therefore, the ORR activity of MPcs can be
optimized by structural modifications on the Pcs framework to regulate
the M(IIT) /M(II) redox potentials. In many studies, it has been reported
that electron-withdrawing/donating groups have a shift of Fe(III) /Fe
(II) redox potential, showing the enhancement of ORR activity. As
shown in Figure 10b, a linear scaling relationship (LSR) related to
M(II)/M(II) redox potential for various MPc catalysts has been
defined.”*! In addition, for ORR, the binding energy of three inter-
mediates (M—O, M-OH, and M-OOH) is highly correlated, which
governs the overall ORR kinetic process./”*) The Gibbs binding
energy of M—OH (denoted as AGey) at metal active sites is often
devoted to predicting ORR performance. At the same time, the
enhanced M—OOH stability contributes to a greater limiting voltage
and activity enhancement.

Particularly, chelated MPcs-conjugated copolymers are regarded as
promising Pt substitutes, having latent capacities toward ORR in terms
of catalytic activity, conductivity, and reaction rate.”*71 It has been
confirmed that the MN,-conjugated structure of phthalocyanine species
is the main catalysis active sites.””®] The d-band center of metal sites
plays a role in the reaction kinetics in MPc-based materials. For instance,
when MPc monomers are polymerized, the longer conjugated structure
of MPPcs leads to electron localization and richer electrons at the metal
sites, which is beneficial for regulating the adsorption of intermediates
for boosting ORR. However, the precise interpretation of the ORR
mechanism with MPPcs, especially the RDS acting on the metal centers
and the possible contribution of coexisted C-N, is still controversial.
The dynamic structural changes of active units during ORR also remain
elusive. Especially, for MPcs/MPPcs with axial coordination, it is neces-
sary to rationally speculate on the effect of the regulatory mechanism of
the axial ligand on the electronic structure of transition metals.

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 9. Preparation and characterization of MPcs nanosheets. a) Schematic illustration of synthetic FeysCoosPc-CP NSs. b) i) TEM and ii) AFM images of
FeosCoosPc-CP NSs. Inset: Photograph of the Tyndall effect of the FeysCogsPc-CP NSs suspension. c) The corresponding height profiles of FeysCogsPc-CP NSs.
d) AC STEM image and e) enlarged image of the FeysCoysPc-CP NSs (single Fe/Co atoms are highlighted by red circles). f) HAADF-STEM image and
elemental mapping of C, N, Co, and Fe of the FeysCosPc-CP NSs. a—f) Reproduced with permission from Ref. [77]. Copyright 2019, The Royal Society of
Chemistry. g) lllustration of the preparation of NiPc-NiO, nanosheets (top and side view of their structures with 2 X 2 square grids in AA-stacking mode). h)
TEM and i) HAADF-STEM images of NiPc-NiO,. j) AFM image of NiPc-NiO,. k) The height profile along the white line of NiPc-NiO,. g—k) Reproduced with

permission from Ref. [80]. Copyright 2021, Wiley-VCH GmbH.

4.1.2. MPc-Based ORR Catalysts

Limited by intrinsic properties and natural origin, MPcs itself suffer
from inferior electrical conductivity and modest catalytic efficiency
toward ORR, therefore further elaborate modifications were
required.**?) Surface loading on conductive support to effectively
promote the potential generation of ORR has been widely reported.
First, MPcs can be immobilized through noncovalent n—r interactions.
MPc planar macrocyclic structures can be easily adsorbed on the surface
of conducting substrates (e.g., graphene and carbon nanotubes [CNTs])
to form stable hybrid nanomaterials as electrocatalysts to enhance ORR
activity via strong m—m interactions. Second, the introduction of exo-
ligands makes MPc attached to support vectors, though this often
requires preliminary modification of the supports. For instance, the sur-
face of graphene can be structurally functionalized by grafting different
functional groups to improve reactivity and conductivity.['°* Fe-PyNGs
were fabricated by anchoring tightly FePc on pyridine cycloaddition of
graphene sheets (PyNGs).'°'1 As a result of the synergistic effect, the
as-prepared Fe-PyNGs showed higher electrocatalytic activity than both
FePc and FePc/NGs samples in alkaline media. Besides, modifying the
surface of conductive carbon materials (acetylene black) with
oxygen-containing groups (such as AB-O) has been evidenced to effec-
tively induce electron localization of axially positioned O—FeNy, affect-
ing the elecron symmetry distribution of Fe centers, and thus
promoting the O, adsorption and activation ability (Figure 11a).'**!
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The optimized FeAB—O catalyst shows a Tafel slope of 27.5 mV dec™'

and a half-wave potential (E; ;) of 0.90 V (vs reversible hydrogen elec-
trode [RHE]), which is superior to that obtained by physical mixing
without axial oxygen coordination (FePc/AB) and Pt/C benchmark
(Figure 11b,c). While for the noncarbonaceous supports (e.g., MoS,),
the FePc—MoS, hybrid complex shows comparable conductive proper-
ties with 1T" MoS,, and thus an activity enhancement toward ORR is
created (Figure 11d,e).1°%

In addition, 2D-conjugated polymers (MOFs and COFs) resulting
from the MPc encapsulation technique were demonstrated to be a des-
ignable porous organic material with enhanced ORR activity because of
the high controllability and abundant exposed active sites.['%*!%* 1t is
desired to develop ORR electrocatalysts with well-defined and tunable
M-N, central structures of excellent intrinsic conductivity and durabil-
ity. On the one hand, large conjugated reticulated blocks with functio-
nalized modulation at the molecular level have been engineered to
show promising ORR behaviors. The bridging structure of the bulk
monomers affects the catalytic performance. In 2019, Zhong et al.
designed a hyperconjugated polymer PcCu-Og-Co MOF catalyst linked
by Co—O, bridges for efficient ORR because of the homogeneous distri-
bution of well-defined dual sites and efficient mass transfer pore chan-
nels (Figure 11f-h).'%*) It is theoretically revealed that the enhanced
ORR catalytic performance can be attributed to the bridged Co-O,
building block with high ORR activity. The strong interaction between
the 6* antibonding orbital (e;=1) of the Co node and the unpaired

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Table 1. Synthetic methods for 2D MPc nanosheets.

Strategies Approach Advantages Disadvantage References
Top-down  Mechanical exfoliation ® A simple and easy application to exfoliate layered o Ball mills are bulky and heavy, and operate with strong [75,76]
(manual or ball milling) MPPc with interlayer T—m conjugation. vibration and noise.
® |t can be used for dry or wet grinding with a wide ® Lower work efficiency and yields.
range of operating conditions. ® High machinery costs and energy consumption.
e The method can be operated continuously or . . .
. ) P Y ® Intercalating agents often need to be introduced into the
intermittently. . . .
system to decrease interlayer interaction.
® large-scale preparation of 2D monolayer/few-layer
nanosheets can be achieved.
Ultrasonic-assisted e A gentle, simple, and low-cost exfoliation method. ® The number and size of exfoliated layers of as-obtained [77,78]
exfoliation e It is less demanding in terms of preparation nanosheets are not easy to control.
conditions and low-cost and simple. ® The nanosheets are prone to aggregation, and therefore
have a lower yield.
Chemical exfoliation ® Time-saving and efficient. o Relatively complex to operate, even inert gas protection is [78,79]
required during preparation.
Bottom-up  Solvothermal synthesis ® Scalable and easy to control. ® High-energy consumption, and high-temperature and [80]
e Clean and efficient. Additional solvents are not pressure conditions are often required.
used in the reaction process.
Surface/interface synthesis ® A directed on-surface/interfacial reaction ® Synthesis is difficult, and often does not meet the [81]
engineering. dimensional requirements of the materials we need.

® Easy to operate, mild conditions, and friendly

environment.

® The morphology and thickness of as-prepared

nanosheets can be controlled.
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and basic solutions.!'°*) The results indicated that
FePPc-1 showed the optimal catalytic performance
in both electrolytes, especially in alkaline envir-
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E’J SEFeP electron spin state of the Fe central atoms can be

-0.8 -0.6 -04 -0.2 0.0

H,0 E° M(IIIYM(1) (vs. SCE)

Figure 10. Electrocatalytic ORR mechanism for MPc-based materials. a) ORR electrolysis mechanism
with MPc units in acidic (blue line) and alkaline (red line) electrolytes (where M represents catalytic
active site). Reproduced with permission from Ref. [90]. Copyright 2020, Elsevier Ltd. b) Plots of

catalytic activities for ORR in alkaline media as current densities (j) divide
electrons (n) involved in the reaction for different catalysts and recorded at E

n=4 for Cr, Mn, and Fe catalysts, and n =2 for Co catalysts. Reproduced with permission from Ref.

[94]. Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

electrons of the O 2p orbital improves the O, adsorption capacity. And
the activation energy of breaking the O=O bond is reduced, which is
beneficial to the reduction process of O, into H,O. Combined with the
advantage of the enhanced conductive surface matrix, PcCu—Og—Co sta-
bilized by CNTs achieved a high E, ,, of 0.83 V (Figure 11i). In addi-
tion, the introduction of axial ligands enables the modulation of the
MPc structures, which will concurrently bring dramatic changes in
physicochemical nature such as electrical conductivity. Zhao et al. sys-
tematically expounded the effect of the axial ligands on the ORR

Energy Environ. Mater. 2024, 7, 12709
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02 04 06 08 controlled by coordinating the atomic center with
different ligands, thus optimizing the ORR per-
formances (Figure 111).

On the other hand, ultrathin nanofilms with
ample specific surface area and cavity occupancy
d by the number of can supply sufficient catalytic sites for the adsorp-
=—0.24V versus SCE.  tion/dissociation of target molecules, which may
also influence ORR activity. Selvaraju et al.
demonstrated well-organized Co-based poly-
phthalocyanine nanosheets (Co-PyPc NSs) elec-
trocatalysts for ORR through 2D capsulation (Figure 12a).8"1 The 2D
MOF structure encapsulated by CoPc macrocycles can easily adsorb O,
molecules to the Co—N, active centers. Meanwhile, the precise arrange-
ment of molecules and the well-aligned pore structure provide electron
transport pathways and enable a more direct reaction. The assembly of
nanosheets substantially suppressed the aggregation of MPcs molecules
and accelerated electron dispersion. Compared with the conventional
20% Pt/C electrocatalyst, the Co-PyPc NSs displayed an ascendant onset

potential (Eopser =0.974V) and a diffusion-limiting current density

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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by changing different cross-linking agents, pro-

[76,107]

01— Ppuc mising enhanced electrical conductivity.
4] —FePc/AB / X .
o FeABO / Based on this, Yang et al. prepared thin
3] [ 2D-conjugated multimeric CAN nanosheets pro-
. 4] moting the accessibility of O, to the surface
e
Gj",;_:u\%ﬁﬁ—”zw FePc/AB 5 electrocatalytic ~ active  sites toward ORR
61— " . . . s
e——— N (Figure 12h).[76] This also leads to higher utiliza-
e 0405 oés,vf,;l R,‘:ﬁ, 09 10 tion of the Co-N, active unit, and thus an
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improved ORR current density (Figure 12i),
indicating considerable improvement in activity
for oxygen reduction through structural regula-
tion and morphology design.

4.2. OER

M = Co,Fe,Cu,Ni

100)

Intensity (a.u.)

~#-PcCu-0:-Co/CNT
04 @ PcCu-(OH)J/CNT
—A-Pc-0s-Co/CNT

4.2.1. Electrocatalytic Mechanism of MPcs for
OER

OFR releases oxygen through the water oxidation
process, which can be considered as the reverse
process of ORR. Because of the slow kinetics of
the OFR process, higher overpotental is often
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Figure 11. MPcs and its composites electrocatalysts for ORR. a) Molecular structure model
illustrations of FeAB—O and FePc/AB. b) Electron localization functions of FeAB—O and FePc/AB. c)
LSV curves of FeAB-O, FePc/AB, and Pt/C in O,-saturated 0.1 M KOH for ORR. a—c) Reproduced
with permission from Ref. [102]. Copyright 2020, Nature Communications. d) LSV curves of FePc-

MoS,, FePc, and Pt/C, H,Pc-MoS,, and MoS,, for the ORR in O,-saturated 0.1

derived from the LSV curves. d, e) Reproduced with permission from Ref. [62]. Copyright 2019, The
Royal Society of Chemistry. f) Schematic structure of as-prepared PcCu-Og-Co. g) Experimental (red
line) and simulated (black line) XRD patterns of PcCu-Og-Co. h) TEM images of PcCu-Og-Co. Inset: i)
Selected area electron diffraction (SAED) and ii) HRTEM images). i) LSV curves of PcCu-(OH)g-CNT,
Pc-Og-Co/CNT, and PcCu-Og-Co/CNT for ORR. f-i) Reproduced with permission from Ref. [103].
Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. j) LSV curves at a scan rate of
10mVs~' of ORR on the as-prepared PFePc-L/C and Pt/C electrodes under a rotation rate of
1600 rpm in a 0.1 M KOH electrolyte. k) A new descriptor of npa between PFePc-L and *OH. I)

Molecular orbitals of HO-PFePc-L. j-I) Reproduced with permission from Ref.
Wiley-VCH GmbH.

(ja=4.61 mA cm™ ) (Figure 12b). The weakened interlayer T over-
lap is capable of facilitating the exfoliation of the bulk Fey sCog sPc-CPs
into nanosheets via an ultrasonic exfoliation-assisted technique.l’”]
Attached to the graphene surface (Figure 12c), the resulting hetero-
structure Feg sCog sPc-CP NS@G as an ORR electrocatalyst showed a
more positive Eqpe of 1.006 V, and the E; /, of 0.927 V in 0.1 M KOH
medium (Figure 12d,e). This catalyst was further used as a cathode in
Zn—air batteries to evaluate the full-cell applicability (Figure 12f), and
the results showed more promising performance for Fey sCog sPc-CP
NS@G rechargeable battery (Figure 12g). Functionally customized
structures of porous adsorption polymeric materials have been achieved
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site part of MPcs often requires the absorption of
H,0 molecules to form hydroxyl species. To pre-
dict the electrocatalyst activity of OER with MPc
units, an intrinsic ISR between the interdepen-
dent adsorption energy of intermediates has been
M KOH. e) Tafel plots established, such as a volcano-shaped curve
between AG«o-AGxoy and experimental overpo-
tential at 1mAcm™ > on various metal oxide
surfaces.[10%110] Therefore, the efforts to break
the limitations of LSR are in the spotlight.

Natalia Chebotareva et al. systematically eluci-
dated the hydrolysis process which was catalyzed
by the transition metal phtllalocyal]jnes.[53] It was
confirmed that among the first-row transition
metal elements, FePc, CoPc, and NiPc showed
higher catalytic activity compared to ZnPc, MnPc,
and CuPc, where NiPc had the lowest overpotential. Also, at lower
potentials, the MPc-modified carbon electrodes have high OER effi-
ciency. These great differences in MPc activity can be attributed to the
correlation between the d-electron and first reduction potentials. This
work also offers the possibility of further development of highly active
MPc electrocatalysts toward OER.

For the MPc-based catalysts, their stability during OFR is closely
related to the formation of metal oxide or hydroxide at active sites,
which has been widely concerned. It has shown that the decrease in
stability of MPcs was affected by redox potentials. Generally, the OER
process is mediated by the redox pairs of metals, but the activity and
stability may decrease as the number of cycles increases. For example,

[104]. Copyright 2022,

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85UB01 T SUOWIWIOD aA 181D 3|qeot[dde aup Ag peusencb ae sejole YO ‘s Jo 9Nl Joj AkeiqiTauljuQ A1 UO (SUONIPUOD-PUR-SLLIBY WD A8 |1 Ale.q1jBulJUo//:Sdny) SUOTIPUOD pue SWis | U1 8S " [1Z0z/20/ST] uo AkeidiTauljuo AB[IM ‘1o a1misu| euoieN Aq 60T ZWes/z00T 0T/I0p/W00" A8 | Aleiq 1 pul|uoy/sdny Wwolj pepeoumod ‘v ‘vZ0Z ‘95806252



Energy &
Environmental Materials

(c)
——Co-PyPc
——FPtC
02 04 06 08 10
s J E/V (vs RHE) graphene
(d) o] ——FeusCousPc NS@G (e) @ 25 (f)
4] 7 FeesCousPcaG 1.0 _
“]—=—pPtC o 205
g2 ge <
53 ¢ 15 8
< ¢ 2o, 2
£4 > > 108
.5 w w 8
=
9 0.8 5
“02 04 0.6 08
E/V (vs RHE)
(9) ¥ T—Feconpecr ns@arruooo_ () ﬁ @i
g P N R
Yo —{150z
© £
g 1002
< 2
505 g
—FeosCo0sPc-CP NS@G |50 »
—PtC E
o
0.0 0 T
100 200 300 .
j (mA cm?) Jxat 0.9V

Figure 12. Layered metal phthalocyanine nanosheets toward ORR. a) SEM image of the Co-PyPc NSs
electrocatalyst (inset: the structure of Co-PyPc NSs). b) LSV curves of Co-PyPc NSs and Pt/C at
1600 rpm. a, b) Reproduced with permission from Ref. [81]. Copyright 2019, Springer-Verlag GmbH
Germany. ¢) Schematic illustration of synthetic Fey5Coy5Pc-CP NS@G. d) LSV curves of FeysCoqsPc-
CP NS@G, Fey5CoqsPc-CP&G, and 20% Pt/C measured in O,-saturated 0.1 M KOH solution. €) E;,,
Eonset, and mass activity (MA) comparisons of Fey5CoysPc-CP NS@G, FesCogsPc-CP&G, and Pt/C
(20%) in alkaline solution. f) Schematic diagram of the Zn-air battery. g) The discharge polarization

excellent catalytic effect.''*) The axial interaction
of the metal center Fe with the C atoms around
the graphene vacancies may lead to the moderate
adsorption of oxygen-containing intermediates to
enhance the OFR activity (Figure 13a—). When
nickel foam (Ni-foam) was used as a substrate,
polymer CoPc-coated Ni foam showed enhanced
conductivity with a low overpotential in the OFR
test range. The resulting combination of the
synthesized samples with benchmark IrO, catalyst
exhibited improved OER activity.[l Bl improve
the interface mechanism between matrix carbon
and macrocyclic carbon to modulate OER beha-
vior, the association with CNTs can not only
achieve efficient immobilization of MPcs but also
promote OER enhancement. Dai and his workers
demonstrated that sulfonated CoPc/CNT hybrids
(CoPc-SO3H/CNT) showed much lower OER
overpotential than the corresponding unmodified
samples (Figure 13d,e).!"®! This can be attribu-
ted to both the strong conductivity of CNT and
the electron-modulating effect of peripheral
electron-absorbing substituents promoting the
OFR shift toward a more favorable potential.
FePc modified by pyridine axial coordination
on CNTs (FePc-py-CNT) enhanced OER activity
also was reported, which is ascribed to facilitating
the adsorption of O, at the Fe-based sites due to
the increase of Fe-N bond binding length in the
fifth coordination site.!**]

2

Tafel slope

plots and power density curves of the Zn—air battery. h—I) Reproduced with permission from Ref. With the continuous development of

[77]. Copyright 2019, The Royal Society of Chemistry. h) Schematic diagram of the molecular
structure for CAN-Pc(Co)-x. i) Comparison of E;,, jg, Tafel slope, kinetic current density (j), and MA
for 20% Pt/C and CAN-Pc(Co)-x electrodes. h, i) Reproduced with permission from Ref. [76].

Copyright 2020, American Chemical Society.

the change in valence state from Fe(II)/Fe(IIl) into Fe(IV) will reduce
the size of Fe ions in the MPc framework due to the shielding effect
of Fe valence electrons, and thereby will affect the M-N bond and con-
sequently result in the dissolution of metal ions from the Pc
framework.[**] Therefore, it is expected that further improvement in
OFR performance by the adjustable electronic structure and redox prop-
erties of MPcs.

4.2.2. Electrocatalysts Based on MPcs for OER

The overall water splitting was slow kinetically hindered by the complex
4e” transfer process of OFR. Precious metal-based materials, such as Ir,
Ru, and their metal oxides, have been widely accepted as state-of-the-art
electrocatalysts due to their impressive OER catalytic activity, however,
suffer from high cost, scarcity, and poor long-term stability.[m%l "
this aspect, the development of robust, stable, and low-cost catalysts sui-
table for large-scale market development is urgent.!''*'"*] Up to now,
many modulation strategies have been demonstrated for MPc materials
for enhanced OER activity. At the substrate composite level, through
studying MPcs loaded on various carbonaceous substrates (such as G,
nitrogen-doped graphene [NG], and defective graphene [DG]), it was
found that structure tunability of the graphene enables DG with the
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transition metal composites, it has been gradually
discovered that functionalized Ni/Fe-based MOFs
(COFs) possess further improved OER activity,
relative to those of benchmark precious metal
oxide catalysts. Nevertheless, due to the complex
surface electronic structure of Ni/Fe-based OFR electrocatalytic materi-
als, the precise mechanism of action of the catalytically active sites
remains controversial. In the early years, a 2D m-conjugated nickel
phthalocyanine metal-organic framework (NiPc—-MOF) with fourfold
symmetry by bottom-up fabrication was developed for efficient water
oxidation catalysis for the first time (Figure 14a).''’) The pH-
dependent results revealed that the OFR activity increases with the pH
values (Figure 14b). This NiPc-MOF can also easily grow on various
substrates, resulting in a significantly improved catalytic activity. In
2020, Qi et al. successfully developed a 2D strongly conjugated double
heterometallic compound Fe, sNig sPc-CP (Figure 14(:).[“8] The as-
prepared Fe, sNij sPc-CP exhibited prominent performance for OER in
1.0M KOH solution, which is comparable to commercial RuO,
(Figure 14d,e). The electronic synergy between adjacent Fe and Ni
atoms in Feg sNig sPc-CP facilitated its oxidation to high-valent Fe/Ni
species during electrocatalysis, thereby accelerating the OER kinetic rate.
Undl 2023, the OFR performance of FeNi-based phthalocyanine MOF
is further improved. The overpotential of conjugated bimetallic Fe/Ni-
PPc for OFR is 42/194mV in 0.5M H,SO, and 1 M KOH, respec-
tively, at a current density of 10 mA ecm™ 2] To investigate the effect
of electronic structure interaction with dual active sites on the electroca-
talytic OER performance, Li et al. combined 2,3,9,10,16,17,23,24-
octahydroxy MPcs via metal-oxygen (M-O,) bonds to construct

© 2024 The Authors. Energy & Environmental Materials published by
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Figure 13. MPc and its composites for OER. a) The free energy diagrams of OER at U=0 for pure
FePc, FePc supported on pure G, NG, and DG. b) The geometric structure of DG. c) The charge
density difference plots of O atom for FePc supported on pure G, NG, and DG. a—c) Reproduced with
permission from Ref. [114]. Copyright 2021, Elsevier B.V. d) The geometric structure of CoPc-SOsH/
CNT. e) LSV curves of CoPc, CoPc-SO;sH, CNT, CoPc/CNT, and CoPc-SO;H/CNT in O,-saturated 1M
KOH at 10mVs™". d, e) Reproduced with permission from Ref. [116]. Copyright 2019, The Royal
Society of Chemistry.
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Figure 14. 2D conjugated MPc materials for OER. a) Structural diagram of the NiPc—MOF and its
chemical structure. b) The pH-dependent LSV curves using the NiPc—MOF as the OER catalyst. a—b)
Reproduced with permission from Ref. [117]. Copyright 2018, The Royal Society of Chemistry.
c) Schematic illustration of as-synthesized FeysNigsPc-CP. d) LSV curves and e) overpotential at
10 mA cm > of FegsNigsPc-CP, FePc-CP, NiPc-CP, and RuO, in 1.0 M KOH solution. c—e) Reproduced
with permission from Ref. [118]. Copyright 2020, The Royal Society of Chemistry. f) Schematic
illustration of Ni-O, and Ni—Njy sites in NiPc—Ni. g) LSV curves and h) Tafel plots for NiPc—Ni, NiPc—
Zn, ZnPc-Ni, and ZnPc-Zn in 1.0M KOH. Reproduced with permission from Ref. [120]. f-h)
Copyright 2021, The Royal Society of Chemistry.
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conductive bimetallic MPc-M’ (M=Ni, Zn)
MOF toward OFR in 1.0M KOH solution
(Figure 14f).'>°1 DFT calculations revealed that
the optimized NiPc—Ni MOF has a narrow band
gap and excellent conductivity. The experimen-
tal results suggested that the synergistic modula-
tion of electronic structure between Ni—O, and
Ni—N, dual sites improves the intrinsic OER
activity, thus exhibiting a lower overpotential
compared to the NiPc—Zn, ZnPc—Ni, and ZnPc—
Zn MOF (Figure 14gh). Furthermore, the
introduction of additional metal atoms moves
the metal d-band center to a higher energy (clo-
ser to the Fermi level) effectively adjusting the
elecron distribution of the conjugated struc-
ture, which is closely related to the adsorption
strength of the relevant intermediates at the
active site. The modulation strategy on the elec-
tronic structure of the Ni—O, site doped with a
certain amount of Fe in conductive MOFs is
deemed to enhance the oxygen evolution
activity.l'?'] As expected, the electronic interac-
tion between the Ni—-O, and Fe-O, centers
heightened their intrinsic catalytic activity. The
optimized NiPc—NiFey g9 displayed a low over-
potential and an ultrahigh turnover frequency
(TOF) value. Such atom-scale modulations on
MPc-based materials enable the high catalytic
activity to exceed those of most noble metal cat-
alysts.

4.3. HER

4.3.1. Equation and Mechanism of Electrocata-
lytic HER

HER, the cathodic half-reaction of water electro-
lysis, is an ideal strategy for realizing clean and
efficient hydrogen energy, which is perceived
as a cost-effective and broad avenue.['?>!*]
Theoretical calculations of the 2e™ transfer reac-
tion pathway revealed that the overall reaction
rate of HER is chiefly dependent on the Gibbs
free energy of hydrogen adsorption (AGy),
which is crucial for measuring the hydrogen
evolution activity.[lu] The Volmer process-
involved HER is the adsorption of hydrogen-
containing compounds at catalytic active sites
with MPcs, resulting in forming catalytic inter-
mediates. It is carried out by the dissociation of
H;0" and H,O in acidic and alkaline media,
respectively. The second step is the formation
of H, molecules, which are divided into two
main reaction pathways. In the Heyrovsky step,
the catalyst adsorbate undergoes secondary elec-
tron transfer, which is then desorbed from the
active units. In contrast, the self-linking cou-
pling of the intermediates forms the Tafel step.

© 2024 The Authors. Energy & Environmental Materials published by
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Therefore, the entire HER process can be categorized as the Volmer—
Heyrovsky mechanism and Volmer—Tafel counterpart for MPc-based
catalysts, and the equations are as follows.”®! The smaller Tafel slope
affects the reaction kinetics and can be utilized to judge the RDS of the
reaction along with the mechanism.

Volmer step : M+ H™ +e~ — M—H (1)
M+H,0+e — M—H+ OH" )
Heyrovsky step : M—H +H' + ¢~ — M +H, 3)
M—H+H,0+¢ — M+H, +O0H" (4)
Tafel step : M—H — M + 1/2H, (5)

4.3.2. HER Electrocatalysts of MPc-Based Structure

Among the various catalysts, macrocyclic MPcs are considered as one
kind of promising HER catalysts with AGyy close to 0 except for the Pt
criterion. The diverse coordination types of MPcs benefit from the
highly tunable molecular structure, which makes it easier to form a
hyperbranched configuration. In the synthesis process, SiO, nano-
spheres are often used as templates to prepare hyperbranched covalent
organometallic polymers with large porosity and uniform mesoporous
structure. Also, increasing the specific surface area is beneficial to
expose more active parts. The bonding mode of atoms also plays a cru-
cial part in tuning the electrocatalytic activity of nanohybrid materials.
In 2019, Wang et al. reported two constituent-tunable metal-organic
polymers ZnPc-COPs, which were covalently linked to GO with -CO—
NH- as the linking unit (GO-PcP 1 and GO-PcP 2) applied in HER pro-
cess in 0.5 M H,SO, solution.["**! The two materials linked by different
phthalocyanine-branched chains showed low overpotentials of 237 and
210 mV, respectively, which can be ascribed to unique microstructures
of the two branched precursors facilitating charge transmission and
conductivity. This also indicated that the conjugated polymerization sys-
tems of MPcs significantly increase the catalytic activity of the reduction
reaction and stability in an acidic environment.

In addition, the unique 2D structure enables coupling with other
metal ion moieties on the surface to build an electrocatalytic composite.
Based on this, Zhang et al. developed FePc-anchored 2D ultrathin Ni-
MOF nanosheets (denoted as FePc@Ni-MOF) through an ultrasonic
treatment-assisted  one-pot reaction.[®3] Particularly, 2D Ni-BDC
nanosheets constructed by joining nickel ions with BDC ligands possess
coordinatively unsaturated metal sites and dangling bonds. The precise
localization of the interaction between FePc and the strong n—m sheet
stacking of the Ni-based framework promotes the fast electron transfer
toward HER, which adjusts the electronic environment of Fe and Ni at
the active site, resulting in enhanced HER performance. The increased
active surface area of FePc@Ni-MOF nanosheets is beneficial to more
active sites accessible. In previous studies, Monama et al. developed
palladium-supported CuPc/MOF  composites with  significantly
improved electrochemical hydrogen evolution performance.m(’] After-
ward, they also prepared a novel hybrid nanocomposite based on 4-
tetranitro copper phthalocyanine (TNCuPc) grown on MOFs as noble
metal-free HER catalysts via a mild impregnation method.l'*”} Com-
pared with bare MOF and TNCuPc, the TNCuPc/MOF composites
showed more negative potential shifts in the HER wave. The resulting
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positive role may be ascribed to the synergistic effect of MOF and
TNCuPc. Despite the widespread popularity of MPc porous materials in
energy conversion systems in recent years, their applications toward
HER were still seldom reported. A comparison of the electrocatalytic
performance parameters for MPc-based electrocatalysts is shown in
detail in Table 2, including ORR, OER, and HER.

4.4. CO,RR
4.4.1. Mechanism of Electrocatalytic CO,RR

Owing to the growing concentration of the greenhouse gas CO, causing
a series of ecological and environmental problems, CO,RR by carbon
fixation into high value-added profitable organics is another significative
choice, which is one of the hot topics in frontier research.['?/~13%1 1
the CO,RR, the binding energy between the active surface of the cata-
lysts and the reaction intermediates restricts the electron transfer in the
reduction process.[l“] For MPc-based catalysts, during CO, molecules
combining with different H/e™ on the C/O atom, a set of diverse
carbon-rich organisms can be formed (Figure 15a).°""'*2) It has been
confirmed that M—OCHO is a more efficient intermediate than M—
COOH in the evolution of formate.l"**'**] However, generally, the
electrochemical reduction of CO, to CO is accomplished through
the intermediate product M—COOH, which has been reported.mﬂ The
formation of M—COOH can be achieved by the electron transfer process
of CO, molecule coupling with proton H*. The equilibrium potentials
of the majority of CO, reduction half-reactions are close to 0V, which
overlapped with practical HER potential windows making the occur-
rence of side reactions seriously affecting the CO,RR Faradaic efficiency.
Generally, efficient MPc-based catalysts toward CO,-to-CO require a
strong binding energy of *COOH (E, “°°"
of *CO (Eb*CO) at metal sites, which is usually accompanied by a linear
relationship (Figure 15b).3*]

In the MPc structure, the metal active centers play an important role
in the regulation of the binding energy toward *COOH, *H, and *CO.
Therefore, various MPc centered on d-block metals have been obtained

) and a weak binding energy

and applied to electrocatalytic CO,RR, especially FePc and NiPc were
identified as efficient candidates for CO production.!"**! MPcs can exhi-
bit high selectivity and activity by controlling the oxidation states of
metal ions. For example, FePc can display unusual redox pair M(I)/M
(0) in the voltage range of cathodic CO, reduction, generated Fe(0)Pc
species can easily transfer the electron from HOMO-orbital into LUMO-
orbital to absorb CO, molecules to form Fe(I)Pc—CO, additions. How-
ever, the electron transfer of Fe(Il)/Fe(0) redox pair may lead to an
increase in the radius of Fe ion at the central site, and strong inversion
interaction of CO adsorption at Fe-N moieties increases the length of
Fe-N bond, further leading to the removal of Fe from the Pc
framework.”**] In contrast, M(IT)/M(T) redox pairs at metal sites in NiPc,
can exhibit weak CO binding affinity, leading to excellent CO,RR activity.
Therefore, it is important to select suitable MPc materials and adjust the
surface binding properties accordingly to improve CO, reduction activity.

4.4.2. CO,RR Catalysts of MPc-Based Structure

Modulating the molecular expression behavior by the construction of
heterogeneous catalysts is effective to overcome the kinetic hindrance
of CO, reduction. Meanwhile, the adjustment of molecule-coupled
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Table 2. Electrocatalytic performance of the advanced MPc-based catalysts toward OER, HER, and ORR.

Catalysts Application Electrolyte Potential Tafel slope Stability References
(V vs. RHE) (mV dec™)
MPc Fe-PyNGs ORR 0.1 M KOH Eonsec = 0.969 — 91.3% mA cm ™ after 5000 cycles CV [101]
composites  popAp.0 ORR 0.1M KOH Eqj2 = 0900 275 99.2% mA cm ™2 after 10000s i-t test [102]
FePc-MoS, ORR 0.1 M KOH Ey;, =0.890 35 A current loss of 9.3% after 20 h i-t test [62]
HER 0.5M H,SO4 n=0123V @ 10mAcm 32 —
TACoPc + IrO,/Ni OER 1.0 M KOH n=0304 @ 10mAcm ™’ 38 A constant overpotential at least 9 h [115]
CoPc-SO;H/CNT ORR 0.1 M KOH Eonser = 0.880 41 — [116]
OER 1.0 M KOH n=0390 @ 10mAcm > 48 A slight loss after 1000 cycles CV
Conjugated FePPc-(COOH),/C ORR 0.1 M HCIO4 Eq/> = 0.800 — 83% mA cm 2 after i-t test [92]
MPcs FePPc@CB ORR 0.1 M KOH E1j2 = 0908 29 73% mA cm™2 after 40 000's i-t test [105)
PFePc-1/C ORR 0.1 M KOH Eyp =0.948 36.6 98.1% mA cm 2 after 20 000 cycles CV [104]
CPMPcFe/C ORR 0.1 M KOH Eonser = 1.000 68.5 A small activity loss of 0.05mA cm ™2 [106]
E. = 0870 after 5000 cycles CV
12 = U
PcCu-Og-Co/CNT ORR 0.1 M KOH Eonser = 0.820 61 Little changes of E,/, (16 mV) after [103]
E.. = 0830 5000 cycles CV
172 = 04
CAN-Pc(Fe/Co) ORR 0.1 M KOH Eonsec = 1040 54 74.6% mA cm 2 after 12000s i-t test [108]
Eqjp = 0.840
CAN-P¢(Co)-p ORR 0.1 M KOH Eonsec = 1.050 40 87.6% mA cm™ 2 after 12000 i-t test [76]
Eqj2 = 0850
Co-PyPc NSs ORR 0.1M KOH Eonsec = 0.974 — — (81]
Eyj2 = 0815
FepsCogsPc-CPs ORR 0.1 M KOH Eonser = 0937 — — [77]
Fep5CogsPc-CP NS@G Ey/, =0.848 — 81.7% mA cm ™2 after 20 000 s i-t test
Eonsec = 1.006
E1jp = 0927
NiPc—~MOF OER 1.0 M KOH =350 @ 10mAcm 74 An almost constant at ~1.50 V for 50 h [117]
FegsNigsPc-CP OER 1.0 M KOH 1=0317 @ 10mAcm 2 116 85% mAcm 2 after 10000 s i-t test [118]
CPF-Fe/Ni OER 0.5 M H,SO4 1=0042 @ 10mAcm 2 826 A nearly constant at 200 h i-t test [119]
1.0 M KOH n=0.194 @ 10mAcm > 94.1 A nearly constant at 200 h i-t test
NiPc-Ni MOF OER 1.0 M KOH n=0319 @ 10mAcm ™’ 83 A nearly constant after 12 h i-t test [120]
NiPc-NiFeg o9 MOF OER 1.0 M KOH n=0300 @ 10mA cm > 55 A slight positive shift (33 mV shift at [121]
50 mA cm %)
after 1000 cycles
FePc@Ni-MOF HER 0.1 M KOH n=0334 @ 10mAcm ™’ 72 A slight loss after 1000 cycles CV [63]
b heterogeneous atomic substrates can avoid the
(@ -0 S 2H,0 (b) p ) :
20, SR aggregation of macrocyclic molecules and thus

ve
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Figure 15. a) Possible CO,RR mechanisms catalyzed by MPcs. Reproduced with permission from Ref.
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improve the electron transport capacity to obtain
enhanced reduction efficiency. In general, the
dominant transition metals with 3d orbits in the
MPcs become the catalytic active center for multi-
ple proton-coupled electron transfer toward the
CO, reduction process. The CO, conversion into
CO occurs with minimal energy replenishment.
To improve the CO,-to-CO reduction efficiency of
the electrocatalysts, both the Ni-N, active sites in
the metal macrocyclic NiPc and the surface pyri-
dine defective N-doping in the carbon matrix are
put forward to form the Ni-Ns component struc-
ture, synergistically promoting the reduction

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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reaction (Figure 16a).l'*”) It was experimentally measured that the reduc-
tion Faraday efficiency (FE) can reach up to 98% at a potential of
—0.5V (Figure 16b,c). The NiPc@pyridine N surface solely requires a
lower potential barrier (4+0.89 eV), which is more likely to occur than
NiPc@graphitic N, NiPc@pyrrolic N, and NiPc@C as supported by
DFT (Figure 16d).['*”'38] The high-spin Ni 3d orbital-rich unpaired
electrons have a strong CO, affinity, and the metal center as the reactive
site is beneficial to the formation of key intermediates and enhances the
CO, reduction rate. Additionally, Co(II)-2,3-naphthalocyanine (NapCo)
complexes covalently grafted on graphene sheets with rich heteroatom
groups (—S=0, ~COOH) have also been reported (Figure 16¢).['*" The
stacking of axial coordination between CoPc macrocycle and the
function-doped graphene promotes a strong T conjugated system and
the regulation of electron cloud density significantly improved the cata-
lytic performance of CO,RR through Co-O as the major linking site.
NapCo@SNG (SNG = S/N/O heteroatoms doped graphene) compound
derived a higher selectivity for CO,RR at —0.8 V and a FEcq of ~97%
(Figure 16f), which is ascribed to the introduction of sulfoxide dopant
promoting the electron transport effect of axial coordination.

Compared with solid-phase metal catalysts, functional mesh-like por-
ous COFs and MOFs with designable organic unit connectors exhibit
excellent reduction efficiency and high selectivity toward CO,RR owing
to their accessible precise active sites and strong CO, adsorption. It is

found that the porous structure of Co-based COF has a competitive
advantage in CO, storage, maintaining a high CO, concentration near
the active site of the reduction center.!'*”) This also enables both the
CO, mass transfer performance and CO, reduction yield to be signifi-
cantly improved. Wu et al. first designed a CoPc polymer backbone
with a special structure to promote the slow CO,RR by an introduction
of defective sites into the transition metal macrocyclic network.'**! The
prepared D-P-CoPc showed high reduction properties, exhibiting a FE
of ~97%. An overpotential as low as 490 mV can maintain long-
standing stability. In 2020, substituted octahydroxyphthalocyanines
and octaaminophthalocyanines based on two organic monomer build-
ing blocks were assembled into 2D COFs via a molecular bridge,
providing two strongly functional 2D COFs CO,RR electro-
cal;alysts.[l‘“’l“] In this regard, 2D polyimide-linked phthalocyanine
COFs, CoPc-PI-COF-1 and CoPc-PI-COEF-2, have been devised and pre-
pared (Figure 16g).['"**] The higher CO, reduction ability could be
attributed to facilitated charge transportation to achieve stronger electri-
cal conductivity than CoPc-PI-COF-2 (Figure 16h). Therefore, CoPc-PI-
COF-1 cathode composition displayed a similar FEco of 87%—97%
between —0.60 and —0.90 V (Figure 16i). In addition, Yi et al. pre-
pared conductive 2D phthalocyanine-based MOF nanosheets (NiPc—
NiO,) linked by nickel catechol as an efficient electrocatalyst for the
conversion of CO, to CO.”**1 Due to the exposure of more Ni sites of
thin lamellar, the fabricated nanosheets have an
ultrahigh selectivity.

During CO, conversion process, due to the

high overpotential and less electron transfer com-
pared with other reduction species, the reduction
products CO and formic acid account for the
majority, while the hydrocarbons are less. In
practice, the multicarbon compounds are
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Figure 16. MPc materials toward CO, to CO reactions. a) Schematic illustration of NiPc/NC catalyst.
b) LSV curves in an N,-saturated or CO,-saturated 0.5M KHCOj; electrolyte at a scan rate of
50mVs " c) FEs of CO of the NC, NiPc, NiPc/C, and NiPc/NC catalysts at different applied
potentials. d) Calculated free energy diagrams for CO,RR to CO on different catalysts. a—d)
Reproduced with permission from Ref. [137]. Copyright 2020, American Chemical Society. e)
Schematic illustration of NapCo onto doped graphene heterogenization through n—m stacking and
coordination with heteroatoms. f) FEs of CO,RR on NapCo@SNG/NG/OG in CO,-saturated 0.1 M
KHCO:s. e, f) Reproduced with permission from Ref. [139]. Copyright 2019, Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. g) Structural illustration of as-synthesized CoPc-PI-COF-1 and CoPc-PI-COF-
2. h) Partial CO current density and i) FEco of CoPc-PI-COF-1, CoPc-PI-COF-2, and CoPc. g—i)
Reproduced with permission from Ref. [142]. Copyright 2021, American Chemical Society.
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expected to be yielded because of the higher
industrial values. Untl now, Cu-based com-
pounds have been considered the major materials
catalyzing CO, to carbon-rich products. How-
ever, the low selectivity and FE of C,, reduction
products involved in copper-based catalysts are
still major problems that cannot meet the needs
of large-scale commercialization. MPcs complexes
are effective for CO,RR. Weng et al. demon-
strated initially that CuPc possessed the highest
activity for methane with a FE of 66% delivering
a partial current density of 13mAcm > at a
potential of —1.06 v.['*] Under operating con-
ditions, it underwent reversible structural changes
to form metallic copper clusters with the ability
to catalyze the conversion of CO, to methane.
Therefore, it is found that the recombination
inducing strategy provided an opportunity for
the design of efficient electrocatalysts. For CO,RR,
CuPc catalysts still have much to explore. To
further address the shortcomings of the high
energy barrier and thus enhance the CO, reduc-
tion efficiency, encapsulation of MPc compounds
as a secondary structural unit into highly ordered
framework COFs and MOFs of tetragonal net-
work nt-conjugated structures was proposed, with
advantages of well-defined catalytic active centers
and structural designability. Qiu et al. developed

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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a PcCu—Cu—O MOF catalyst composed of PcCu—(OH)g ligands
and square planar CuO, nodes for the CO, reduction to C,H,
(Figure 17a).['**] The PcCu—Cu—O MOF exhibited superior electrocata-
lytic reduction behavior for the production of C,H,, which is attributed
to the coupling of dual active sites, and in situ attenuated total reflection
Fourier transform infrared (ATR-FTIR) measurements well validated
this mechanism (Figure 17b,c). The generated CO on the CuOy site
can efficiently migrate and dimerize with the *CO intermediate
adsorbed on the CuPc site for C,Hy products, resulting in reducing the
C—C dimerization energy barrier trend, as depicted in Figure 17d. In
addition, it is desirable to produce high value-added product acetate by
CO, reduction. The major problem is that the selectivity of acetate is
often lower than those of ethylene and ethanol. The choice of materials
compatible with theoretical guidance is therefore the key to solving the
problem. Previous mechanistic studies indicated that the conversion of
CO, to acetate requires a C—C coupling of *CH; and CO,, so COF
materials with single or isolated M—N, active centers may be advanta-
geous. In 2022, a stable PcCu-based 2D COF framework CuPc-TFPN
(TFPN = 2,3,5,6-tetrafluoroterephthalonitrile) was designed for the
selective conversion of CO, to acetate, and the results showed a high
single-product FE of ~90% (Figure 17e,f).1'*”! Moreover, the robust
PcCu-based COF can maintain its activity for a long-term operation
(Figure 17g). An appropriate pathway is given for electrocatalytic CO,
to acetate by assisted in situ ATR-FTIR (Figure 17h,i). The isolated CuPc
active site with high electron density plays a key step in the C-C

(@) L (©)

coupling of the *CHj intermediate with CO, to form acetate. Since
PcCu-TFPN is a single active site electrocatalyst structure, *CO cannot
be coupled with the immediately adjacent *CO or *CHO, avoiding the
generation of ethylene and ethanol. The rational design of the crystal-
line structure and the involvement of the different active centers consid-
erably affect the reaction pathway, which consequently improves the
selectivity of acetate products.

4.5. NRR
4.5.1. Mechanism of Electrocatalytic NRR

Electrochemical ammonia synthesis, an important feasible way to
replace the traditional Haber—Bosch process that utilizes industrial fossil
fuels to produce ammonia with high-energy consumption, has attracted
an amount of research interest.!' **'**1 The green and sustainable elec-
trochemical NRR processes (N, + 6H' + 6e~ — 2NH; and/or
N, 4+ 6H,O + 6e~ — 2NH; + 60H ) can be carried out under
room temperature conditions using reproducible electricity resource,
offering the possibility for its extensive industrialization under mild
conditions in the future.

The low solubility of N, in water at normal temperature and pres-
sure and the limitation of the mass transfer diffusion process may affect
the overall reaction efficiency. The hydrogenation activation process of

N, is critical in the whole reaction. The dissocia-
tive mechanism occurs in the industrial Haber—
Bosch process in which adsorbed N* is hydroge-
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Figure 17. MPc materials for the reduction of CO, into multicarbon products. a) lllustration of the

Step the catalytic performance. For example, moder-
ate N* free energy is favorable for the surface
desorption of ammonia. (s3]

structure of PcCu-Cu-O. b) In situ ATR-FTIR spectra of PcCu-Cu-O during the electrochemical
CO,RR. ¢) FEs of C,H,, CH,, CO, and H, for PcCu-Cu-O. d) Proposed CO,RR mechanism of PcCu-Cu-

O. a—d) Reproduced with permission from Ref. [144] Copyright 2021, American Chemical Society. e)

4.5.2. NRR Catalysts of MPc-Based Structure

lllustration of the structure of PcCu-TFPN. f) FEs of CO,RR products under different voltages in 0.1 M

KHCOj3 solution. g) Durability of PcCu-TFPN in the electrocatalysis at the potential of
situ ATR-FTIR spectra of PcCu-TFPN during the electrocatalytic CO,RR. i) Free energy diagrams of
electrocatalytic reduction of CO, to acetate by PcCu-TFPN. e—i) Reproduced with permission from

Ref. [145]. Copyright 2022, Wiley-VCH GmbH.
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—08V. h) In
The impediment and low selectivity of electroca-

talytic NRR suffering from the high energy bar-
rier of N, activation and the faster kinetics of the

© 2024 The Authors. Energy & Environmental Materials published by
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Figure 19. MPc materials for NRR. a) LSV curves of NiPc-rGO in Ar and N, saturated 0.1 M HCl solution.
b) FE and NH; vyield rates of at various potentials. c) Plots of current density differences (Aj/2) versus
scan rate at —0.15 V and Cg values for NiPc and NiPc—rGO. a—c) Reproduced with permission from Ref.
[156]. Copyright 2022, Elsevier B.V. d) lllustration of the structure of FePc-Py-CNT toward NRR to NHs. e)
NH; yields and f) FEs of FePc-Py-CNT, FePc-CNT, Py-CNT, and CNT at different potentials. g) FE values
and NHs yield rates of FePc-Py-CNT compared with other recently reported Fe-based catalysts. d—g)
Reproduced with permission from Ref. [157]. Copyright 2022, American Chemical Society. h) TEM image
of pristine COF. i) HRTEM, and inset SAED images of Ti-COF. j) Comparison of NHs yields and FE values
of different catalysts measured at —0.7 V in 0.05 M HCl solution. k) Yield rate of NH; and FE of Ti-COF at
given potentials in N,-saturated 0.05M HCI electrolyte. h—k) Reproduced with permission from Ref.
[158]. Copyright 2021, American Chemical Society.

competing HER make it desirable to develop high-efficiency
electrocatalysts.““’lss] Therefore, it is necessary to strategically tailor
an efficient nitrogen fixation catalyst to maximize ammonia production,
achieving the purpose of improving the catalytic activity of the reaction.
Shyamal Murmu et al. developed a graphene-coated NiPc nanohybrid

(NiPc-rGO) for electrocatalytic ammonia generation reaction.!'*®? Tt

Energy Environ. Mater. 2024, 7, 12709 17 of 22

showed a maximum ammonia yield of
239 g h™! mgflCal at —0.3 V, while the high-
est FE of 23.8% was obtained at —0.2 V (Figure
19a,b). The increased double-layer capacitance
(Cq) of NiPc-rGO compared to that of NiPc is
shown in Figure 19c. It indicated that the nano-
hybrid exposed more active surface than NiPc
while having high specificity for ammonia
synthesis, thus NiPc-tGO showed higher NRR
activity. Furthermore, by introducing an axial
coordination group, a well-organized electroca-
talyst (FePc-Py-CNT) can be formed by homo-
geneously immobilizing FePc on pyridine-
functionalized CNT (Figure 19d).[157] The
resuling  hybrids  exhibited = significanty
enhanced electrocatalytic NRR  performance
compared to FePc immobilized on bare CNT
(FePc-CNT) based on m—m stacking, leading to a
doubled NH; yield (21.7 pgh™' mg™ ') and
Faradaic efficiency (22.2%) (Figure 19e—g).
The axial interaction on FePc led to the evolu-
tion of partial electron density, which effectively
suppressed the active intensity of H* and
enhanced N, chemisorption at the active sites.
This work provided new inspiration for the
viable design of NRR advanced electrocatalysts
at the molecular level.

Nonetheless, it is conjectured to covalently
associate COFs with transition metals by organic
molecules, which may provide more opportu-
nities for designing catalysts with abundant
active sites. Jiang et al. proposed a general
pyrolysis-free synthesis method to prepare con-
jugated 2D COFs (Ti, Cu, Co—COF) with three
intercalated transition metal central atoms and
pristine non-nuclear COF (Figure 19h,i).["*®]
The Ti-assembled conjugated COF displayed the
highest NRR catalytic activity and selectivity
with an NH; yield of 26.89 pg~h_lmg_1cat
and an impressive FE of 34.62% (Figure 19j,k).
Considering that the enhanced positive charge
disribution of Ti atoms possessing strong
adsorption with N atoms diminishes the energy
barrier, therefore Ti-MOF shows a favorable
activation of intermediates with a superior abil-
ity to suppress bad behaviors.

4.6. Photo-Assisted Electrocatalysis on
MPcs

According to their molecular structure, MPcs
have special light-absorbing properties, endow-

ing them with huge potential in photocatalysis and photo-assisted elec-
trocatalysts. Typically, in CO,RR, the combination of the light field
effect is beneficial to fully exploit the superiority of the material, over-
coming the low activity and selectivity driven by electrical energy to
exhibit improved electrocatalytic conversion efﬁciencyA[lsﬁlél] MPc-
based encapsulation crystalline materials are considered to be

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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enhanced, but also both the formation of
active intermediates *COOH and the ability
of electrochemically activating CO, are promoted
(Figure 20f), indicating that light-energy coupling
plays an important role in the electrocatalytic pro-
cess. In addition, the presence of intercalated struc-
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of active sites from changing the aggregation of
MPcs, which further stimulated enhanced activity.
Moreover, Yang et al. developed a robust and
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Figure 20. MPc materials for photo-assisted electrocatalysis reactions. a) Top view and side view of
simulated AA stacking mode for NiPc-TFPN COF crystal structure. b) Photo-current response curve

of NiPc-TFPN COF at different bias voltages. ¢) FEco and d) jco and TOF of NiPc-TFPN COF under
dark and light in 0.5M KHCOj3 solution. e) Comparison of the relative adsorption energy for the

5. Conclusion and Perspectives

first step of CO,RR on MPc-TFPN COF. f) Schematic representation of the excited states of NiPc-

TFPN COF. a—f) Reproduced with permission from Ref. [142]. Copyright 2020, Wiley-VCH. g)
Schematic illustration of synthetic procedure toward Zn-CoTAPc/PMo12 MLSs. h) Gibbs free energy
diagram of CO,RR pathway of Zn-CoTAPc/PMo12 MLSs. i) FEco-potential plots, j) jco and TOFco
plots of Zn-CoTAPc/PMo12 MLSs in dark and light conditions. g—j) Reproduced with permission

from Ref. [162]. Copyright 2021, American Chemical Society.

photosensitizers whose electronic structure properties can be signifi-
cantly altered under the action of photoelectricity, thereby accelerating
the transfer rate of charge carriers and the efficiency of CO, electrocatalytic
reduction.'**'* To investigate the electrocatalytic CO, reduction
under photoelectric action, Lu et al. designed a series of dioxin-linked
Pc-based 2D COFs with different metal centers (MPc-TFPN COF,
M=Ni, Co, Zn) for the first time, particularly, NiPc-TFPN COFs can
reach the highest CO,-to-CO reduction FE of ~99% at —0.9 V (Figure
20a).[142] More importantly, compared with that in the dark environ-
ment, the CO, reduction performance of NiPc-TFPN COFs is further
improved under illumination (Figure 20b), evidencing photoexcitation
can indeed promote the CO, reduction activation behavior and thus
improve the catalytic efficiency (Figure 20c,d). DFT calculations, as
shown in Figure 20e, further show that CO, molecules tend to be
adsorbed and activated on N sites of central metal for the first step of
CO,RR (ie., RDS). Also, when electrons are excited to higher excited
states, the transfer of electrons from ligands to active centers not only is
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In summary, the recent research progress in the
development and application of 2D MPc compo-
sites and conjugated organic frameworks (COFs
and MOFs) as high-performance catalysts toward a
variety of electrocatalytic and photocatalytic reac-
tions is summarized. In addition, the structural
properties and preparation strategies of MPc crystals are also reviewed.
The topology of the structures can be achieved by the rational design
of molecules and functional modifications, which can tune the physico-
chemical features of materials. In particular, the structural evolution from
bulk to nanosheets is also mentioned. The excellent performance of thin-
layered nanosheets opened a new platform to overcome the intrinsic insu-
lating properties. Also, this work may provide new insights into the con-
trollable preparation and structure—effect relationships of MPcs materials.
Although possessing excellent catalytic properties, macrocyclic MPcs,
are still confronted with serious challenges and need to be further
explored in the future, the research of MPcs as well as their derivatives
may be concentrated on the following aspects:

i 2D COFs and MOFs-based materials assembled by MPc molecules
have become a hot research topic in recent years. In particular, the
electrocatalytic performance of MPc-based network polymer ultra-
thin nanosheet-like heterogeneous catalysts should be appreciated,
which paves the way for the development of MPc-based materials

© 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Table 3. Electrocatalytic performance of the MPc-based catalysts toward CO,RR and NRR.

Catalysts Applications Electrolyte Current density/yield FE Stability References
MPc NiPc/NC CO, » CO 05M KHCO; 359 mA-cm @ —1.35V 98% @ —0.5V A stable current density and FEco [137]
composites decreased to 93% at —0.6 V after 7 h i-t

test

NapCo@SNG CO, - CO 0.1M KHCO; — 97% @ —0.8V A negligible current change at —0.8V [139]
after 9000 s i-t test

NiPc-rGO NRR 0.1 M KOH 239pugh "'mg ', @ —03V  238% @ —02V An almost 100% performance retention at  [156]
—0.3 V after 5 cycles

FePc-Py-CNT NRR 0.1M HCI 217pgh "'mg ', @ —05V  222% @ —045V A negligible attenuation of current density ~ [157]
at —0.5V after 50 h i-t test

Conjugated ~ D-P-CoPc CO,—CO 05M KHCO; 375mAmg ' @ —0.61V 55% @ —0.43V A negligible activity loss and stable current  [45]
MPcs density at —0.61V over 20 h

CoPc-PDQ-COF CO, » CO 0.5M KHCO; — 96% @ —0.66 V No significant loss of current density and [141]
FEco at —0.66 V over 24 h i-t test

NiPc-TFPN COF  CO, — CO 05M KHCO; Dark 141 Ag™' @ —09V 99.8% @ —0.9V No obvious current drop and large FE [142]
fluctuation at —0.90 V

Light 175 Ag ' @ —09V 100% @ —0.9V —

NiPc-COF NSs CO, - CO 0.5M KHCO; 35mAcm™? @ —1.1V 99.1% @ —09V No obvious decrease of over 98% FEco for  [143]
10h

CoPc-PI-COF-1 CO, » CO 05M KHCO; —212mAcm 2@ —090V 97% @ —0.80 V 91% FEco at —0.70 V after 40 h i-t test [144]

CoPc-PI-COF-2 166 mAcm ™2 @ —0.90V 96% @ —0.80V No significant current drop at —0.7 V after
12005 i-t test

NiPc-NiO4 NSs CO, » CO 05M KHCO; 345mAcm 2@ —12V 98.4% @ —0.85V A decrease of current density of [80]
08mAcm > at —0.85V

PcCu-Cu-O MOF  CO, = G,H, 01M KHCO; 73mAcm 2@ —12V 50% @ —1.2V No significant degradation of current [146]
density for i-t test at —1.2V at least 4 h

PcCu-TFPN CO, - acetate 0.1M KHCO; 125mAcm > @ —08V 90.3(2)% @ —0.8V A stable FE and regular current density [147]
fluctuations at —0.8 V for 80 h

Ti-COF NRR 0.05 M HCl 269pgh 'mg ' @ 07V 3462% @ —04V @ — [158]

Zn-CoTAPc/ CO, - CO 0.5M KHCO; Dark — 96.1% @ —0.7V A stable current density and high FEco at [163]

PMo12 MLSs —0.75V after 12 h test

Light —

96.2% @ —0.75V

in circuit systems such as fuel cells. In addition, integrating MPc-
COFs with inorganic supports and/or MOF hybrid materials to
construct efficient heterogeneous catalysts may be possible
research direction in the near future.t'**'¢*]

ii At present, although the mechanism of CPs electrocatalysis has
been verified by theoretical calculations, it is still not enough to
summarize the role in the reaction. Therefore, it is necessary to
supplement it with advanced characterization technologies such
as in situ observation for exploiting theoretical calculation
research applied to COFs. What's more, the definition of more
precise molecular descriptors should be provided as a guideline
for the structural optimization and cycling stability of catalysts.

iii The highly reactive conjugated MPc building blocks facilitate
the electrocatalytic reaction. Meanwhile, in the course of cata-
lytic preparation and design, it is vital to concentrate on its
durability to meet the needs of practical applications. How-
ever, the synergism between the activity and stability of MPc
CPs catalysts is still at the research bottleneck stage and needs
a breakthrough. The development of new structures is sup-
posed to develop catalyst products with high activity and
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stability. For example, currently, some attention has been paid
to the role of linkage chemistry in the active framework for
both activity and stability aspects.!'®*! The introduction of
specific functional chemical bonds may result in unexpectedly
tunable and stable frameworks.
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