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Graphdiyne (GDY)-based materials, owing to their unique structure and tunable electronic properties,
exhibit great potential in the fields of catalysis, energy, environmental science, and beyond. In particular,
GDY/metal oxide hybrid materials (GDY/MOs) have attracted extensive attention in energy and
environmental catalysis. The interaction between GDY and metal oxides can increase the number of
intrinsic active sites, facilitate charge transfer, and regulate the adsorption and desorption of intermediate
species. In this review, we summarize the structure, synthesis, advanced characterization, small molecule
activation mechanism and applications of GDY/MOs in energy conversion and environmental
remediation. The intrinsic structure—activity relationship and corresponding reaction mechanism are
highlighted. In particular, the activation mechanisms of reactant molecules (H,O, O,, N,, etc.) on GDY/
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1. Introduction

With the rapid development of human society and economy,
the problems of energy crisis and environmental pollution have
become increasingly prominent. Developing renewable energy
sources and strengthening the control of pollutants are two
effective strategies to solve the aforementioned problems.'™*
Catalysts with high efficiency and low cost play a crucial role in
addressing challenges.” Noble metal catalysts, including Pt, Pd,
Ag, and Au, have been widely utilized due to their high catalytic
performances.>* However, noble metal catalysts still suffer from
limited availability, prohibitive cost, and relatively low stability,
which prompt the exploration of alternative catalytic materials.
Carbon-based materials are attracting growing attention due to
their distinctive advantages in terms of low cost, large specific
surface area, as well as tunable electronic structures,®*® which
exhibit potential applications in energy and environmental
catalysis.

Different from traditional inorganic carbon materials (gra-
phene, carbon nanotubes, etc.) and organic polymerized carbon
materials (carbon nitride, covalent organic frameworks, etc.),
with single sp> or sp® hybridized states, graphdiyne (GDY),
arising-star carbon allotrope, comprising sp and sp> hybridized
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challenges in developing GDY/MOs for efficient energy and environmental catalysis.

carbon atoms, is an emerging two-dimensional (2D) planar
carbon material.*** GDY possesses well dispersed electron-rich
cavities and a large m-conjunction structure, which endows it
with unique chemical and physical properties, including an
adjustable intrinsic bandgap, fast charge transfer, excellent
conductivity and so on. The electron mobility of GDY is
considerably higher than that of common organic polymerized
carbon materials, even up to several orders of magnitude.'***
Moreover, the sp-hybridized carbon atoms and triangular cavi-
ties in the 2D GDY conjugated structure facilitate the formation
of strong interfacial contacts with active components such as
metal atoms and metal oxides."'® The fabrication of a wide
range of unique GDY-based materials expands the applications
of GDY in energy catalysis, environmental remediation, energy
storage, electronics, life sciences, and other fields.””** In
particular, GDY/MOs, through the interaction between GDY and
metal oxides, enable the modulation of the electronic structure
and increase the number of active sites, which improves the
intrinsic activity, and enhances the stability.”*** Therefore, the
GDY/MOs exhibit unique advantages in heterogeneous
catalysis.

Recently, many excellent and interesting research studies
about GDY/MOs were published. However, a thorough overview
of GDY/MOs for efficient energy and environmental catalysis
has not been reported. This review summarizes the applications
of GDY/MOs in the field of energy and environmental catalysis,
emphasizing the uniqueness of the intrinsic relationship
between the structure and performance and the corresponding
mechanism. The structure, synthesis, characterization and
applications of GDY/MOs are fully introduced. In particular, the
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activation behaviors on GDY/MOs for efficient energy and
environmental catalysis, such as activation of H,0, O, and N,
are systemically discussed. Finally, we comprehensively discuss
the existing key challenges and prospects for fundamental and
applied research of GDY/MOs in the field of energy and envi-
ronmental remediation.

2. Typical structure, synthesis and
characterization of GDY/MOs

2.1 Typical structure of GDY/MOs

Because of the abundant sp conjugated diyne bonds and unique
triangular pore structure, GDY is widely used as a good carrier
of MOs in the field of catalysis."* Therefore, it is of great
significance to study the unique structure of GDY/MOs. Herein,
we summarize the structure of GDY/MOs as follows.

2.1.1 Sub-nanoclusters. Sub-nanoclusters are normally
below 1 nm and consist of several atoms (Fig. 1a), which are
related to but somewhat different from crystal nuclei with clear
structures.”*” The sub-nanoclusters reduce the average coor-
dination number of the metal atoms. And, the subcluster
species have a smaller contact angle with the support, forming
a layered structure, which contributes to enhancing the inter-
action between the metal atoms and support and increasing the
stability of the sub-nanoclusters.”® Usually, the interactions
between sub-nanocluster MOs and GDY are chemical bonds
rather than weaker forces such as van der Waals forces. Due to
the small size of nanoclusters, the utilization of atoms at the
GDY/MO interface is effectively improved, which can increase
the amount of active sites.'* Meanwhile, GDY and sub-
nanocluster MOs can achieve efficient electron transfer
through interfacial chemical bonding, promoting the adsorp-
tion and activation of reactant molecules. For instance, the
unique sp hybrid carbon and copper sites at the interface of
sub-nanoclusters CuO and GDY can provide electrons to the
antibonding orbitals of adsorbed oxygen to form the -O,~
through a bridge configuration, leading to low-temperature CO
oxidation.*

2.1.2 Nanoparticles. Nanoparticles with sizes >1 nm
usually have more than 40 atoms (Fig. 1b), which generally
exhibit a well-defined crystal structure.** For GDY/MOs, the
particle size of most MOs is nanometer, which is nanoparticle.
The structures of GDY/MOs are mainly heterostructures. The
heterostructured GDY/MOs can modulate the morphology of
the MOs such as reducing the particle size of the MOs, forming

GDY/MOs(sub-nanoclusters)

GDY/MOs(nanoparticles)

Fig.1 Schematic structure of GDY/MOs: (a) MOs as sub-nanoclusters;
(b) MOs as nanoparticles.
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oxygen vacancies, metal ion vacancies, etc., which effectively
promote the adsorption of reactant molecules and enhances the
intrinsic activity of the GDY/MOs. For example, the interfacial
sp hybrid C-O-Mo bond between GDY and MoO; promoted the
formation of an amount of oxygen vacancies, greatly increased
the number of H,O adsorption sites, leading to excellent elec-
trochemical hydrogen evolution performance.* In addition, the
heterostructure of GDY/MOs can change the electronic struc-
ture, physical and chemical properties of the MOs, such as
shortening the band gap and improving the electrical conduc-
tivity, which is conducive to promoting the electron transfer and
mobility, and facilitating the activation of reactant molecules
and the transformation of intermediate species. For example,
the construction of heterostructured GDY/SnO, increased the
charge transfer ability and facilitated the conversion of key
intermediates (OCHO* species), exhibiting CO, reduction
reaction performance.* Therefore, the unique structure of GDY/
MOs makes them show greater application prospects in the
field of energy and environmental catalysis.

2.2 Synthesis of GDY/MOs

Metal oxides (MOs) have attracted wide attention in environ-
mental and energy-related fields. In order to meet the different
applications in these fields, it is of great significance to explore
the controllable preparation and regulation of MOs. Recent
studies have shown that the composite of carbon materials with
MOs can modulate the structure of the MOs and thus enhance
the catalytic activity and stability of MOs. Theoretical predic-
tions demonstrated that the triangular cavities with the edges of
sp-hybridized carbon atoms in the GDY would have a much
stronger binding energy with many elements (for example, Li, K,
and Ti) than the prevailing sp>-hybridized carbon materials.*>*
This particular interaction indicates that GDY may be an ideal
material for interfacial modification on MOs. On this basis, the
nanostructured NiCo,0,, TiO,, CoO,, MnO,, IrO, and MoO;
connected with GDY have been successfully prepared for
various potential applications.***° Therefore, it is of great
significance to explore the synthesis of high quality GDY and
GDY-based materials and reveal the relationship between their
structures and properties. Here, this review systemically gives
a summary and discussion of the synthesis methods of GDY/
MOs.

2.2.1 Hydrothermal method. The hydrothermal method is
an effective method for metal oxide synthesis, which utilizes
a high-pressure, high-temperature water environment for
chemical reactions. Under such conditions, the surface
tension of water is reduced, the ion diffusion rate is acceler-
ated, and the force between reactants is enhanced, which can
promote crystallization and nucleation between reactants for
the purpose of synthesizing the desired materials. A wide
variety of materials can be synthesized by hydrothermal
methods, and different products can be obtained according to
different reaction conditions and reactant species. Typically,
GDY/MOs were fabricated via a two-step process.”” The first
step was fabrication of GDY via a Glaser-Hay cross-coupling
reaction. The second step was the synthesis of MOs on the
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(a) Synthesis of GDY/MnO,;*® (b) in situ construction of the multifunctional GDY on MOs with different dimensions;** (c) schematic

diagram for the preparation of the TiO,/GDY heterojunction;? (d) synthetic process of CuO/GDY.#

GDY by a modified hydrothermal method with the corre-
sponding precursor. For instance, Fig. 2a shows the in situ
preparation process of the GDY-MnO, on a carbon cloth
substrate.®® Firstly, the GDY nanosheet was synthesized
according to the previously reported Glaser-Hay coupling
reaction.” Secondly, GDY-MnO, was synthesized via a one-
step hydrothermal method. A piece of as-synthesized GDY
was added into 40 mL of 0.1 M neutral KMnO, aqueous solu-
tion in a Teflon-lined stainless-steel autoclave, which was kept
at 160 °C for 24 h in an oven and then cooled to room
temperature. After discarding the supernatant, the obtained
nanocomposites were cleaned using distilled water several
times to remove the remaining reactants and dried in
a vacuum oven at 60 °C for 12 h. The in situ growth of GDY-
MnO, ensured the strong combination between GDY-MnO,
and carbon cloth, demonstrating excellent activity and
stability. Furthermore, as shown in Fig. 2b, Li et al. achieved
the growth of GDY under ultra mild conditions in situ for
coating MOs (NiC0,0y4, TiO,, Al,03, C0304, ZnO, Fe;0,4, MnO,)
of complex dimensions.*" The nanostructured MOs loaded on
Cu foil were immersed into a solution containing the precursor
of HEB for in situ weaving GDY nanosheets under room
temperature (25 °C). The mild conditions were highly accept-
able for constructing in situ a protective and conductive all-
carbon layer on the MOs. During the growth of GDY, the
GDY was initiated by the bottom Cu foil, and extended along
the interfacial feature of the MOs due to the mass diffusion in
the voids. This construction method of GDY nanosheets well
conformed with the morphologies of MOs even with much
complex features.

2.2.2 Electrochemical method. The electrochemical
method was also adopted in the synthesis of GDY/MOs due to
its ease of operation, mild and easy-to-control reaction condi-
tions, and the absence of additional pollutants. Li et al
synthesized GDY@Co00,QDs through an in situ growth-
deposition strategy using the typical three-electrode system at
the room temperature.”” The as-prepared GDY, saturated
calomel electrode (SCE) and carbon rod were used as the
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working electrode, reference electrode and counter electrode,
respectively. The as-prepared GDY was kept in a cobalt chloride
aqueous solution (50 mM, 50 mL) at a constant voltage of —0.6 V
(versus SCE) for 1200 s, followed by being treated by cyclic vol-
tammetry (CV) in the range of —1.0 V to 0.5 V at 100 mV s~ * for
200 segments. The obtained samples were washed carefully
with deionized water under an Ar atmosphere and dried by an
Ar flow. In addition, Yu et al. designed GDY coupled TiO,
nanofibers by an electrostatic self-assembly approach.*® The
dispersed TiO, in water (pH = 4) was positively charged with
a zeta potential of +15.1 mV, and GDY was negatively charged
with a zeta potential of —19.2 mV. As schematically illustrated
in Fig. 2c, the hybrid structure between TiO, and GDY was
formed through the electrostatic self-assembly process.

2.2.3 Impregnation method. Impregnation method is
a relatively simple but effective preparation method for GDY/
MOs. The impregnation method can realize the precise
control of the morphology, size and distribution of catalyst
particles by adjusting the parameters such as the concentration
of catalyst precursor, impregnation time and temperature.
Therefore, the catalyst prepared by the impregnation method
has good controllability of morphology and performance. Our
group recently synthesized a sub-nanocluster CuO/GDY catalyst
on a large scale with gram productivity using the impregnation
method (Fig. 2d).* First of all, the designed HEB monomer was
used through an in situ cross-coupling reaction on copper foil to
fabricate GDY powder. Secondly, the GDY powder was ultra-
sonically removed from copper foil and then put into
a Cu(NO;),-3H,0/ammonia solution to sufficiently deposit Cu**
ions on the GDY surface. The mixture solution was then stirred
vigorously for 2-3 hours and dried at 50 °C overnight until the
solvent ammonia was removed. Thirdly, the mixture was
calcined at 400 °C under an argon atmosphere. Finally, the sub-
nanocluster CuO was formed in situ on GDY. Moreover, we have
successfully prepared different sizes of CuO nanoparticles on
GDY through this method.? The catalyst can effectively activate
molecular oxygen and further promote the removal of different
kinds of pollutants.
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2.3 The advanced characterization of GDY/MOs

The structure of GDY/MOs plays a decisive role in catalytic
performance. It can affect the quality of the GDY/MO surface
and the rate of chemical reaction, change the position of active
centers, binding energy, structure, electron distribution and
charge transfer, and other properties. Therefore, appropriate
structural characterization methods for GDY/MOs are essential.
The reported characterization methods of GDY/MOs mainly
involve two categories: image and spectroscopy. The charac-
terization methods of images include scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
atomic force microscopy (AFM), and scanning transmission
electron microscopy (STEM). The spectroscopy characterization
contains Raman spectroscopy, X-ray photoelectron spectros-
copy (XPS), X-ray absorption spectroscopy (XAS) and so on. The
image characterization is mainly used to describe the
morphology characteristics of the GDY/MOs (particle size,
elemental distribution, crystal structure, phase composition,
structural defects, grain boundary structure and composition,
etc.). Spectroscopy characterizes the structure of the catalyst
(chemical composition, compositional changes, molecular
valence, electronic configuration, interfacial interaction).

2.3.1 Image based characterization techniques

2.3.1.1 SEM. SEM can be used to directly observe the surface
structure of GDY/MOs, particle size, distribution, uniformity
and agglomeration.

Combining with the energy spectrum, it can also be used to
analyze their composition. For instance, Fig. 3a-c show the top
SEM views of SnO,/GDY nanowalls.*” The top view demon-
strated that vertical GDY nanowalls were in situ grown on the
surface of the carbon cloth. The SEM images of GDY/MOs
clearly describe the morphologies of GDY nanomaterials,
including the height of the nanowalls, the size of nanoparticles
and so on.

2.3.1.2 TEM. TEM and its associated electron diffraction,
energy dispersive X-ray spectroscopy (EDX) and electron energy
loss spectroscopy (EELS) are some of the most powerful
methods for characterizing the morphology, crystal structure,
composition and interfacial interaction of GDY/MOs. As shown
in Fig. 3d-f,”” TEM and HRTEM images showed that Co
quantum dots (CoO,QDs) were uniformly dispersed on the
surface of porous GDY with the size of 3.7 nm. The CoO,QDs
were grown on GDY nanowalls in the form of nanoparticles and
the interfacial interaction may be present between GDY and
Co0O,0D. TEM is a commonly used method for characterizing
GDY/MO morphology. However, this method is the result of
local observation, so there are certain contingencies and
statistical errors. The typical measurement range of TEM is 5
nm-500 pm. It is necessary to obtain the average particle size of
nanoparticles through statistical analysis and measurement of
particle size with a certain number of photos.

2.3.1.3 STEM. STEM has the advantages of high resolution
and sensitivity to chemical composition, and provides better
visual images of GDY/MOs compared with TEM. Very recently,
our group demonstrated that the neighboring sp-hybridized C
and Cu sites on the interface of the sub-nanocluster CuO/GDY
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Fig. 3 (a—c) SEM images of SnO,/GDY;*? (d and e) TEM images of
GDY@CoO,QDs;* (f) HRTEM image of GDY@CoO,QDs;* (g) STEM
images of GDY/CuO;? (h) AFM images of GDY@CoO,QDs;*” (i) AFM
image of IrO,/GDY;* (j) Raman spectra of GDY/MnO, and MnO;*® (k)
XPS spectra of WOz, WO,/GDY, and CdWO,/GDY;?* () XANES of CuO/
GDY, CuO, and Cu foil.?®

was the key structure to effectively modulate the O, activation
process in the bridging adsorption mode.”* The HAADF-STEM
image (Fig. 3g) demonstrated the dark GDY and the relatively
bright sub-nanocluster CuO. The particle size distribution of
sub-nanocluster CuO from the HAADF-STEM image showed
that the average particle size was around 0.82 nm. According to
the HAADF-STEM image, the reconstruction model of the sub-
nanocluster CuO suggested that the subnanocluster CuO was
composed of 14 Cu atoms and 12 O atoms and there was
interfacial chemical interaction between CuO and GDY. As an
indispensable tool for in-depth study of GDY/MOs, STEM
equipped with an aberration correction device can perform
more precise and accurate structural characterization of GDY/
MOs. With the introduction of the spherical error corrector,
STEM with many analytical components can significantly
improve the resolution to angstroms, and the ultra-high reso-
lution can even clearly reveal the fine structure at the molecular
level and atomic scale.

2.3.1.4 AFM. The AFM is capable of imaging samples in air
or liquid and measuring the surface roughness and thickness of
ultrathin 2D/quasi-2D GDY/MOs with high accuracy. As shown
in Fig. 3h, the AFM images revealed that the GDY@Co0O,QD
nanosheet had thickness around 4.0 nm.*” Li et al. reported IrO,
quantum dots synthesized by GDY-induced in situ controllable
growth to enhance their activity in acidic electrolytes. The AFM
images of IrO,/GDY showed a rough surface with numerous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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individual bright dots protruding (Fig. 3i),* which implied the
presence of QDs. In short, this characterization method is
usually used to measure 3D surface topography and roughness
of powder/film/bulk/fiber samples, nanosheet thickness, inter-
phase thickness and so on. However, the use of AFM to char-
acterize the interface structure of GDY/MOs is still rare.

2.3.2 Spectral based characterization techniques

2.3.2.1 Raman spectroscopy. Raman spectroscopy is an
analytical method with scattering spectra to obtain information
on molecular vibrations and rotations used for the structural
characterization of GDY/MOs. In general, it can mainly be used
to check the defects and bonding states of GDY. Fig. 3j shows
the Raman spectra of MnO, and GDY/MnO,. Compared with
MnO,, the newly appeared peaks at 1382, 1589, 1912 and
2187 cm™ " corresponded to the D band, G band and alkynyl
groups for GDY, respectively, which confirmed the successful
synthesis of GDY/MnO,.*® After the GDY was connected with
MnO,, the obvious shift of the G band and conjugated diyne
link modes towards higher wave numbers can be observed,
indicating the strong chemical interaction (charge transfer or
chemical bonding) between GDY and metal species. Besides,
MnO,/GDY showed a larger Ip/Ig ratio than pure GDY, which
indicated the increase of the defect sites after the combination
of GDY and MnO,. These results brought by the interactions
between GDY and MnO, are all beneficial to the enhancement
of the catalytic activity. In summary, Raman spectroscopy is very
sensitive to molecular bonding and the structure of the sample,
so each molecule or sample will have its own unique spectral
“fingerprints”. These “fingerprints” can be used for chemical
identification, morphology and phase, internal pressure/stress,
and composition analysis. For GDY/MOs, Raman spectroscopy
can not only show the unique alkynyl groups for GDY, but also
supply some special structures of one kind of certain metal
oxides.

2.3.2.2 XPS. XPS was mainly employed to check the exis-
tence of elements and measure the relative contents of GDY/
MOs within the escape depths of photoelectrons in the near
surface regions. Generally, information such as elemental
composition, chemical state and molecular structure on the
surface of the GDY/MOs can be obtained from the peak position
and peak shape of the XPS. The content or concentration of the
element on the surface of the samples can be obtained from the
peak strength. Moreover, XPS can be used for verifying the
interactions between GDY and MOs. As shown in Fig. 3k,** the C
1s XPS spectra showed the characteristic peaks of sp-C, sp>-C,
C-0, and C=0 for GDY, WO,/GDY, and CdWO,/GDY samples,
demonstrating the robustness of GDY structures. Additionally,
the sp-C for both WO,/GDY and CdWO,/GDY shifted to higher
binding energies than that of GDY, implying the electron loss
from sp-C to metal species. Compared with GDY, the newly
appeared m-m* transition peak verified the interactions
between GDY and WO, or CAWO,. Besides, the XPS results
showed only the presence of W°* in WO,, while the W 4f spectra
of WO,/GDY and CdWO,/GDY all can be deconvoluted into two
doublets corresponding to W®" (35.8 eV for W 4f,,, and 37.9 eV
for W 4f5,) and W’* (35.3 eV for W 4f,,, and 37.4 eV for W 4f5,,).
These results indicated the presence of mixed-valent W species

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chemical Science

due to the charge transfer from sp-C in GDY to metal atoms.
Therefore, XPS is a commonly used analytical technique to
characterize the surface/interface composition of GDY/MOs,
which is important for the investigation of the structure-
performance relationship.

2.3.2.3 XAS. XAS is generally used to reflect the valence state
of a single element, the coordination environment and the
electronic structure of a single absorbing atom in GDY/MOs.
For instance, Fig. 31 shows the X-ray absorption near edge
structure (XANES) spectra at the Cu K-edge of the CuO/GDY
catalysts, CuO, and Cu foil.** Compared with Cu foil, the
absorption edge of CuO/GDY shifted to a higher energy, close to
that of CuO, indicating that the valence state of Cu in CuO/GDY
was approximately +2. Besides, the results also indicated that
there may be interfacial chemical bonds between CuO and GDY.
In combination with XPS and Raman spectra, the structure and
the interactions between GDY and MOs can be more accurately
characterized.

3 Critical molecule activation
behavior on GDY/MOs for efficient
energy and environmental catalysis

In order to achieve efficient energy and environmental catalysis
of GDY/MOs, the investigation of relevant reaction mechanisms
is essential. Notably, the effective activation of important reac-
tant molecules is the critical step towards efficient catalysis.*
Reactant molecules such as water (H,0), oxygen (O,), and
nitrogen (N,) are important participants in environmental
energy catalytic reactions, and their effective activation
contributes to the improvement of GDY/MOs' catalytic perfor-
mance.*** In the following, we will discuss in detail the acti-
vation behavior of these critical reactant molecules based on the
GDY/MOs in the field of energy and environmental catalysis.

3.1 Activation of H,O

H,0, as one of the most important compounds on the earth,
widely exists in nature and plays an important role in hetero-
geneous catalytic chemical reactions. In the field of energy
conversion, H,O is a clean reactant that can be activated and
dissociated to generate hydrogen and oxygen, and other prod-
ucts.*>** In the field of environmental remediation, H,O can act
as an effective promoter or co-catalyst to enhance catalytic
activity.*>*” GDY/MOs with a highly tunable interface structure
due to the unique diacetylene bonds (-C=C-C=C-) in GDY can
provide more adsorption sites for H,O compared to other
catalysts for H,O activation. The activation and dissociation of
H,0 molecule over GDY/MOs mainly produce hydrogen and
hydroxyl species, which are the key species involved in catalytic
reactions in the field of energy conversion and environmental
remediation. There are two main mechanisms of H,O activation
into reactive species (Fig. 4):*** one is the homolysis of water to
produce hydroxyl radicals and hydrogen radicals; the other is
the production of hydrogen protons and hydroxyl species by
electrostatic forces or van der Waals forces.
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Chemical Science

@H @O
@ Homolytic cleavage

" "

H,0

adsorption site

+OH

Heterolytic cleavage
® " L He OH-

Fig. 4 Two main mechanisms of H,O activation.

3.1.1 Hydrogen species. The hydrogen species generated
through the activation and dissociation of H,O in chemical
reactions are commonly used as a source of hydrogen or
a reducing agent, participating in the reaction.*>*® There have
been many studies on the interface structure design of GDY/
MOs to activate H,O and generate H species for efficient
energy and environmental catalysis. For example, our group
reported an original three-dimensional self-supporting
graphdiyne/molybdenum oxide (GDY/Mo0O;) material for an
efficient HER via a rational design of “sp C-O-Mo hybridiza-
tion” on the interface.” As shown in Fig. 5a, the “sp C-O-Mo
hybridization” facilitated charge transfer and boosted the acti-
vation of H,O molecules, as well as the adsorption and combi-
nation of the generated hydrogen species to form H, molecules.
A rationally designed interfacial structure enables water acti-
vation to produce hydrogen species more easily, achieving
excellent HER performance, which will be discussed in the
following sections. In addition, coupling hydrogen species

Review

produced by water activation and optimization of the key
intermediate adsorption is an important way toward a high-
efficiency CO,RR. For example, Li et al. found that GDY has
advantages in effectively regulating the valence state of SnO,.
The operando in situ infrared measurement and DFT calcula-
tion results revealed that the limiting potential was determined
by the step of OCHO* hydrogenation (Fig. 5b). The effective
water activation to produce hydrogen species is the key to
OCHO* hydrogenation. Moreover, GDY/SnO, can selectively
and efficiently generate and stabilize the key *OCHO interme-
diates and promote the formation of formate by completely
inhibiting the competing HER, promoting the CO,RR.

3.1.2 Hydroxyl species. The hydroxyl species, also produced
by water activation and dissociation, play a crucial role in many
catalytic reactions related to energy and environment. However,
different from the hydrogen species, hydroxyl species are
mainly involved in oxidation reactions, which serve as the key
intermediate species or oxidizing agent. Hydroxyl species
mainly include the hydroxyl functional groups (*OH) adsorbed
on the surface of the catalyst and the hydroxyl radicals ("OH).
For example, the generation of hydroxyl functional groups
through water activation is the first step in the mechanism of
the OER. Li's group verified that the lower valence of Ir atom
(<4") induced by the strong electronic interaction with GDY was
more favorable for the adsorption and desorption of active
intermediates (i.e., OH*, O*, OOH*),* effectively promoting the
progress of the OER (Fig. 5c and d). Additionally, water
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(a) Calculated energy diagram of H,O adsorption and H,O dissociation (inset: corresponding atomic structures of the initial state, H,O

adsorption and water dissociation on MoOsz-V, and GDY/Mo0O3);% (b) the operando in situ infrared spectra of SnO,/GDY at different potentials;*
(c) optimized adsorption structures of OH* on Ir2-GDY site and Ir2™" site, respectively;* (d) free energy diagrams of the OER on the Ir sites at
equilibrium potential;*® (e) configuration of the O, molecule adsorbed on the interface of CuO/GDY;? (f) differential charge density distributions
of (e) *N, adsorbed on CoO,QDs/GDY;*” (g) schematic diagram of the ammonia production process on porous GDY@CoO,QDs.*”
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activation has also demonstrated its role in the field of air
pollutant control. For example, our group recently reported that
the MoO;/GDY catalyst facilitated the activation of water to
hydroxyl species, promoting the decomposition of O;. The sp-C
in diacetylene bonds of GDY can donate electrons to MoO;
through the C-O-Mo bond, which effectively promoted water
molecule adsorption on Mo sites of MoO3/GDY, and readily
dissociate to H* and OH* intermediates. The adsorption energy
of O3 on MoO3/GDY-20H (hydroxyl site, —1.19 eV) was much
lower than on MoO;/GDY (—0.1 eV), which indicated that the
hydroxyls dissociated from the adsorbed water on MoO3/GDY
were the adsorption sites under humidity conditions, facili-
tating rapid and efficient O; decomposition under high
humidity.®

3.2 Activation of O,

Oxygen (0O,) is an important gas that plays an indispensable role
in oxidation reactions or generating chemical energy. However,
the spin triplet state of oxygen is very stable and finds it difficult
to directly participate in the chemical reaction. So, the issue of
how to convert oxygen into reactive oxygen species (ROS, -0, ",
0,>7, ‘OH, 0,", et al.) through chemical processes under mild
conditions is still facing serious challenges. There are two main
mechanisms of O, activation into ROS (Fig. 6):>>*** energy
transfer mechanism and electron transfer mechanism. In the
energy transfer mechanism, the spin electron state of the spin-
triplet state (*3") O, molecule is changed to 'O, via physical,
chemical and biological methods. The electron transfer mech-
anism occurs through a continuous single-electron reduction
process to sequentially form -O,", 0,>7, and -OH.

The rapid activation of oxygen at the active site of the GDY/
MOs to produce ROS is considered to be the main reaction
pathway for degradation of antibacterial and aqueous/gaseous
pollutants. However, there are few studies on the activation of
oxygen by GDY/MOs. Zhang's group found that the generation
ability of ROS (-O,, -OH, 0,') and H,0, was significantly
enhanced after TiO, nanofibers were incorporated into GDY.*®
Hence TiO,/GDY showed superior photocatalytic antibacterial
activities compared to TiO,. Moreover, oxygen activation plays
an important role in the thermocatalytic degradation of gaseous
pollutants. Recently, our group reported that the neighboring
sp-hybridized C and Cu sites on sub-nanocluster CuO/GDY can
effectively activate O, to -O, in the bridging adsorption mode
for CO oxidation (Fig. 5e).>® The unique sp-hybridized carbon in
GDY could promote the activation of molecular oxygen to
produce more ROS compared with the sp>-hybridized carbon in
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Fig. 6 Two main mechanisms of O, activation.
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graphene, achieving excellent CO oxidation performance. In
brief, GDY/MOs possess strong ability towards oxygen activa-
tion due to the interaction between GDY and MOs. And more
GDY/MOs deserve to be designed and developed for energy and
environmental applications.

3.3 Activation of N,

N, activation at ambient temperature and pressure is a great
challenge. Researchers have made great efforts to this end. The
first step of N, activation is the adsorption of N, at the active
site. Owing to the unique electronic structure of GDY, the effi-
cient electron transfer between GDY and MOs in GDY/MOs can
boost the adsorption/desorption of N, and intermediate
species. For example, GDY-induced iron vacancies in the fer-
roferric  oxide/graphdiyne heterostructure (IVR-FO/GDY)
promoted the generation of Fe vacancies in the crystalline
structure and regulated the Fe valence state. The formation of
iron vacancies activated the local O sites to transfer electron
towards GDY, leading to GDY preserving the electron-rich
feature, which facilitated electron transfer towards adsorbates.
Thus, the N, molecule was efficiently activated and could
readily form *NNH. Moreover, IVR-FO/GDY with the iron
vacancies promoted the transformation of key intermediate
species (e.g., from *NH,NH to *NH,NH), resulting in impressive
electrocatalytic nitrogen fixation ammonia performance. In
addition, Li's group found that electrons could be transferred
from the Co site to the 7* orbital of N, on GDY based quantum
dots (GDY@Co00,QDs), which effectively weakened the N=N
bond facilitating the effective activation of N=N bonds and the
formation of the Co-N bond (Fig. 5f and g). CoO,QDs/GDY
exhibited superior N, adsorption and N, activation abilities,
leading to excellent photocatalytic performance for ammonia
synthesis.?”

4. Applications of GDY/MOs in
catalysis

Based on the above discussion on the activation of reactant
molecules by GDY/MOs, it can be seen that the interfacial
interactions between GDY and MOs can effectively modulate the
morphological and electronic structures of MOs, promoting the
activation of reactant molecules (e.g., H,O, O,, N,, etc.) and
regulating the adsorption of intermediate species, and thus the
intrinsic activity of the catalyst was significantly enhanced.
Besides, GDY is an emerging carbon material with a unique two-
dimensional layered conjugated system, natural intrinsic band
gap and ultra-high carrier mobility.>*>** Combining it with MOs
can promote charge transfer and ion diffusion, and improve
electrochemical reactivity and kinetics, which shows great
performance advantages and application prospects in the fields
of energy and environmental catalysis.

4.1 Applications of GDY/MOs in energy catalysis

GDY/MOs demonstrate promising applications in energy
catalysis, such as the hydrogen evolution reaction (HER),*
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oxygen evolution reaction (OER),** nitrogen reduction (NRR),*
and battery energy storage.®

4.1.1 Hydrogen evolution reaction. Hydrogen energy, as
a secondary energy source with abundant sources, and a widely
used green and low-carbon fuel, is an important carrier to
achieve green transition of energy.***” Hydrogen production by
electrochemical water splitting is an efficient and clean
hydrogen production technology, with a simple hydrogen
production process and high product purity, which is one of the
most promising technologies for large-scale hydrogen produc-
tion. There have been many articles about GDY/MOs used for
HER applications. Li's group reported that GDY-coated nickel
oxide heterostructures (NiO-GDY) effectively facilitated charge
transfer (Fig. 7a), which promoted the activation of H,O mole-
cule and the generation of hydrogen species, thereby achieving
superior HER performance to that of Pt/C (1,0 mA cm > =
58 mV versus 85 mV) (Fig. 7b and c).®® The unique advantages of
GDY enable the facile and controllable fabrication of the ideal
interfacial structure with high activity. Based on this, Li's group
also prepared a hierarchical three-dimensional (3D) hetero-
structure of GDY@NiO,(OH), for the HER in 1 M KOH.* The
strong interactions between GDY and NiO,(OH), greatly
enhanced charge transfer ability and accelerated reaction
kinetics, as well as the largest electrochemical active surface

Review

area. The activity of GDY@NiO,(OH), can be maintained after
continuous electrolysis for 190 h at 20 mA cm? (n = 331.7 mV),
which was much better than that of GDY and Ni(OH),. Iron/
cobalt layered double-hydroxide nanosheet arrays (e-
ICLDH®GDY) were also investigated by Li's group.” The stable
adsorbed H bonds with the C site on GDY, and the H,O mole-
cule adsorbs onto Fe sites on the ICLDH, which is beneficial for
the two closely adsorbed H atoms to combine, resulting in
potentially efficient H, generation. Recently, Li's group con-
structed a two-layer heterojunction with an sp-hybrid carbon-
oxygen-rhodium (sp-C-O-Rh) double-layer sandwich interface
in GDY/RhO,/GDY.”” GDY/RhO,/GDY exhibited improved
performance in alkaline-simulated seawater, with a much
smaller overpotential of 9 mV at 10 mA cm ™2 and a smaller Tafel
slope (42 mV dec™ ") than the pure GDY (550 mV@m;o, 479 mV
dec ™), commercial 20 wt% Pt/C (71 mV@1,,, 48 mV dec ), and
RhO, (35 mV@1n, 55 mV dec *). The formation of sp-C-O-Rh
bonds between GDY and RhO, enhanced the charge transfer
ability from RhO, to GDY, resulting in a more electron-rich
surface and increased active sites. Moreover, sp-C-O-Rh
bonds may lead to moderate H,O dissociation and H* adsorp-
tion energies. The adsorption/desorption energies for reaction
intermediates were significantly optimized, resulting in
a substantial enhancement in electrocatalytic performance for
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(a) The synthetic strategy for NiO-GDY;* (b) polarization curves of NiO-GDY, NiO, GDY, Ni foam and Pt/C for the HER in 1.0 M KOH;* (c)

energy diagram for the HER on NiO-GDY;® (d) C—O—-Mo bonds at the interface between MoOz and GDY;?? (e) polarization curves of the samples
with high-current density in 0.1 M KOH;?2 (f) the free energy of hydrogen adsorption (AGy+) on GDY, MoOs-V, and GDY/MoOs;2 (g) H, evolution

of CuO/GDY/TiO,, CNT/TiO, and GR/TiO,;”* (h) comparison of the H,
hydrogen evolution mechanism of GO-15.#
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the HER in alkaline-simulated seawater. Our group reported
GDY/MoO; with the sp C-O-Mo hybridization on the interface
(Fig. 7d).>*> As shown in Fig. 7e and f, the AGy+ value of GDY/
MoO; is —0.11 eV, which is a preferable value for both hydrogen
adsorption and desorption than GDY and MoOj;, achieving
a high-current density HER (>1.2 A cm %) in an alkaline elec-
trolyte and a decent activity and stability in natural seawater.
The “sp C-O-Mo hybridization” facilitated charge transfer and
boosted the dissociation of H,O molecules, as well as the
adsorption and combination of the generated hydrogen species
to form H, molecules.

GDY/MOs not only demonstrate excellent performance in
electrochemical hydrogen evolution but also exhibit remarkable
potential in photocatalytic hydrogen evolution.” For example,
CuO/GDY as a cocatalyst effectively promoted photogenerated
carrier separation in TiO, owing to the solid junction between
GDY and CuO,” facilitating the combination of hydrogen
protons dissociated from water with electrons to produce
hydrogen. Jin et al. reported a Co30,/GDY catalyst (GO-15) with
the p-n heterojunction, exhibiting a strong hydrogen evolution
activity (2336.6 umol g * h™"), which is 8.6 and 3.8 times higher
than that of GDY and Co50,.>* The coexistence of Co**/Co*" and

Chemical Science

a strong internal electric field in GO-15 greatly promoted charge
separation and diversion of photon-generated carriers and
accelerated the adsorption of eosin Y and hydrogen ions, which
exhibited excellent photocatalytic H, production performance.

4.1.2 Oxygen evolution reaction. Water splitting is
a sustainable way of producing H, from clean fuels, represented
by the HER and OER. However, the OER remains a bottleneck
due to its sluggish kinetic process, which dominates the effi-
ciency of overall water splitting.” The OER mechanism involves
the adsorption and desorption of intermediate species,
including the OH,gs — Oaqs — OOHaqs — Ojags process. The
generation of hydroxyl functional groups through water activa-
tion is the first step in the mechanism of the OER. The naturally
distributed cavity structures and abundance of sp-carbon atoms
in GDY endow it a strong affinity for metal atoms or metal
oxides.” This unique structure promotes the controlled growth
of GDY nanostructures, which enables the catalyst to possess
suitable adsorption and desorption capabilities towards inter-
mediate species, resulting in highly active and durable catalytic
performance.*”* Li's group reported the IrO,QDs/GDY catalyst
with a current density of 10 mA cm ™2 at a small overpotential of
236 mV and a Tafel slope of 70 mV dec ™", exhibiting excellent
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activity and durability for acidic OER (Fig. 8a and b).** For Ir
(Fig. 8c), the percentage of Ir*" increased from 33% to 36% and
41% after 2000 CV and 3000 CV, respectively, demonstrating
that the relative contents of the Ir** and Ir** could rationally
modulate the catalytic performance. DFT calculations verified
that the lower valence of Ir atom (<4') induced by the strong
electronic interaction with GDY was more favorable for the
adsorption and desorption of active intermediates (i.e., OH¥*,
O*, OOH¥), effectively promoting the progress of the OER
(Fig. 8d-i). In addition, Li's group also reported a nanowire-
structured MnCo0,0,/GDY heterojunction catalyst (NW-
MnCo,0,/GDY) for both the OER and HER in alkaline electro-
lytes with high catalytic activity and stability (Fig. 9a—c).** The
obvious charge transfer between MnCo,0, and GDY at the
interface sites adjacent to the acetylenic chains in MnCo,0,/
GDY, can effectively catalyze the elemental steps of the water
splitting (Fig. 9d and e). DFT calculations showed that the
binding energy of H,O molecule on NW-MnCo,0,/GDY (1.74
eV) was much larger than that on pure NW-MnCo,0, (0.10 eV)
(Fig. of), while the free energy on NW-MnCo,0,/GDY (i.e., —0.53
eV) was much lower than that on NW-MnCo,0, (i.e., —1.36 €V)
(Fig. 9g), implying that the NW-MnCo0,0,/GDY favored the
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adsorption and splitting of H,O. The electron-rich metal site on
NW-MnCo,0,/GDY enhanced the electro-negativity of the OH*
intermediate (Fig. 9h), thereby facilitating the desorption or
oxidation of OH* to form O* and HOO* intermediates during
the OER process. The adsorption and desorption of active
intermediates have a significant effect on the performance of
the OER. Xue et al. reported that NiO,/GDY with mixed valence
states showed a smaller overpotential of 310 mV at 10 mA cm >
than Ni(OH),/GDY and NiOOH/GDY for the OER. The induction
of GDY accelerated the charge transfer, thereby boosting the
OER performance.” The above studies have also achieved
outstanding results in GDY-based materials for the OER.
However, more systematic studies on the influence of the
structure of GDY/MOs on the adsorption and desorption of
intermediate species is lacking. Besides, there is currently
limited research on the detailed and in-depth mechanism of
water oxidation (active sites, intermediates, rection pathway,
etc.). Therefore, more and more comprehensive and straight-
forward theoretical work is still worth looking forward to, which
will have more direct guiding significance for design of GDY/
MOs with high activity and stability for the OER.
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(a) The synthesis routes for the catalysts; (b) HRTEM, and SAED images of NW-MnCo,0,4/GDY:; (c) polarization curves of NW-MnCo,0,4/

GDY, NW-MnCo0,0,, and NW-MnCoCH for the OER with a scan rate of 2 mV s%; (d) the PDOS of Co and C atoms in the interface of NW-
MnCo,04/GDY; (e) the corresponding differential charge density distribution map of NW-MnCo0,0,4/GDY. Green and yellow areas represent the
electron deletion and electron accumulation, respectively. The isosurface was set to 0.005 e bohr™>; (f) the binding energy of water molecules
adsorbed on NW-MnCo,0,4 and NW-MnCo,0,4/GDY, respectively. (g) The free energy of H,O molecule dissociation and hydrogen evolution on
NW-MnCo,0,4 and NW-MnCo,0,/GDY, respectively; (h) schematic diagram of the proposed water splitting mechanism of NW-MnCo,0,4/
GDY.**
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4.1.3 NH; synthesis. NH; is considered as a future fuel
alternative and hydrogen storage molecule.’®”””® However, the
NRR with high yield rates to meet industrial requirements is
limited by the large kinetic barrier to break the stable N=N
triple bond (N=N bonds up to 941 kJ mol *).*® The Haber-Bosh
reaction can efficiently convert nitrogen (N,) to NHj, but
requires high temperature (300-500 °C) and pressure (150-200
atm), and is highly energy-consuming.*” It would be ideal if N,
conversion could be achieved at room temperature and atmo-
spheric pressure. Electrocatalytic nitrogen fixation to ammonia
(ENFA) has received widespread attention due to its advantages
of low energy consumption, controllable reaction and green
environmental protection. The efficient ENFA can efficiently
convert the thermostable and chemical inert N, to NH; under
ambient conditions.” It has been reported that GDY has
incomparable superiority over traditional carbon materials in
the electrocatalysis field due to the infinite natural pores, evenly
distributed surface charges, and high conductivity. It can effec-
tively combine and regulate the morphology and electron
structure of metal species, generating new active sites, facili-
tating electron transfer, and achieving excellent electrocatalytic
activity."®”** Huang and Li's groups utilized the advantageous
properties of GDY in designing and fabricating an iron vacancy-
rich ferroferric oxide/graphdiyne heterostructure (IVR-FO/GDY)
for high-efficiency ENFA.*> The GDY-induced iron vacancies in
IVR-FO/GDY promoted the generation of Fe vacancies in the
crystalline structure and regulated the Fe valence state (Fig. 10),
which facilitated electron transfer and boosted the efficient
activation and adsorption/desorption of N, and intermediate
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species. The ammonia yield (Yyg,) was up to 60.88% and fara-
daic efficiency (FE) was up to 60.88%, leading to excellent ENFA
performance. Different from ENFA, photocatalysis nitrogen
fixation to ammonia (PNFA) uses the sustainable sunlight to
drive NH; synthesis from N, and H,O at ambient temperature
and pressure, which is a promising alternative for energy-
consuming Haber-Bosh processes. The excellent hole trans-
port properties of GDY endow GDY-based materials with natural
advantages for photocatalysis.*"** Li's group prepared cubic-like
GDY@Fe;0, (GDY@Fe-A) and rod-like GDY@Fe;0, (GDY@Fe-B)
for PNFA(Fig. 11).** The coordination environment and valence
states of Fe atoms were effectively regulated by GDY, which
tuned the photocatalytic performance of the Fe;0,.*> The
significant charge transfer between GDY and Fe-B promoted the
increase of the OV number for GDY@Fe-B. Thus, GDY@Fe-B
could generate more electron hole pairs under illumination, and
effectively suppress the recombination of the generated elec-
tron-hole pairs, leading to effective nitrogen activation and high
photocatalytic performance. GDY@Fe-B showed remarkable
catalytic performance with an unprecedented Yyy, level of
1762.35 & 153.71 pmol h™" g, ' (the highest Yy, could reach
1916.06 pmol h™* g, ). The Li group also reported another
high-performance graphdiyne/metal oxide hybrid material (GDY
based quantum dots, GDY@Co00,QDs) for NH; synthesis from
N, and H,O (Fig. 12).*” The GDY with acetylenic bonds, natural
pores and high reduction ability contributed to in situ decoration
and stabilization of Co quantum dots. The introduction of GDY
and the coexistence of Co®>"/Co** could facilitate electron trans-
fer, which was beneficial for the adsorption and activation of N,.
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(a) The synthesis route of the IVR-FO/GDY catalyst; (b) Fe 2p XPS spectra of IVR-FO/GDY and p-FO; (c) the site-to-site PDOS of O-2p

orbitals in IVR-FO/GDY; (d) energetic pathway of the electrocatalytic NRR on IVR-FO/GDY under U = 0 V; (e) energetic pathway of the elec-
trocatalytic NRR on IVR-FO/GDY under U = —0.48 V; (f) Yy, and FEs of the samples at different potentials in N-saturated 0.1 m NaySO4 (bars

represent standard deviation).6?

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2024, 15, 5061-5081 | 5071



Chemical Science Review

a b c e
— —— Fresh GDY@Fu-B Fezo 081
3 —— Afer photocatalysis
8 -
w =2
o ©
J|' Huciaation § ; fulugiskalysis
and grow =
v N g H ;
2 = € : o 25 12ev
Phomca!aly‘ici; E Energy shift = e Afier 1 h photoearslysis)
NH3 production <) 2 a s
Zaz 7100 7150 7200 7250 7300 704 712 720 728 736
GDY@Fe-8 Energy (eV) Binding energy (eV)
d - e f g 200
- --w- COY@Fe8 .
Gy =——r -8~ GDY@Fe A w’
Pt —_ — 1504 --u-- Fe-B
3 3 < o BOY N
cju ™ Frosh GOY@Fe-A| @ g -
= Fk z £ 100 :
= = 5]
I IT e ———— A YT O

Binding energy (eV) Binding energy (eV) Time (h)

Fig. 11 (a) Schematic illustration of the synthetic and reaction routes for GDY@Fe-B; (b) XANES spectra of GDY@Fe-B at the Fe K-edge after
photocatalysis; (c) Fe 2p; (d) C 1s and (e) O 1s XPS spectra of GDY@Fe-B along with photocatalysis time; (f) schematic illustration of the
mechanism of the photochemical nitrogen reduction reaction on GDY@Fe-B; (g) ammonia concentrations as the function of time for the

catalysts under irradiation.®?

The electrons from the Co site were transferred to the 70* orbital ~ reach 26 502 pmol h™" g.,; " in 46 repeated experiments, 100%
of N, and formed a Co-N bond, leading to the enhancement of selectivity, as well as a high long-term stability at room
the PNFA performances. The Ynu, of GDY@C00O,QDs could temperatures and pressures.

a 0566V  —— GDY@Co0,QD b C 20.0kf; _
fad —GDY I 'n aqueous solution
s — Il 'n non-proton solution
S - >
< - Govacooen| | i
2 . =z 5 .z
7} H v—q | @ x o
5 HA- | 5 ¢ § %
h=i e | E ® 2 9 @
Binding energy (V) 5= O ® > [a]
[a) z a o ¢
[0 o (4] [&] (&
. . : R R A . A . . 0.0 LMY A e 5 P
282 284 286 288 290 292 294 810 800 790 780 Catalysts
Binding energy (eV) Binding energy (eV)
d Co *NNH N, [ € o
d- It*{unocc) g
d- ir*{unocc) f —] f_ 20.0k
w* o 15.0k
3d TE:Z 10.0k
2 5.0k
>-§ 0
15 20 25 30

independent batches

E

_n
Energy (eV) ©
=iy

d-m*(occ) E

Fig. 12 (a) C 1s XPS spectra of GDY@CoO,QDs and GDY. The inset is the deconvoluted C 1s XPS spectrum of GDY@CoO,QDs; (b) the
deconvoluted Co 2p XPS spectra of GDY@CoO,QDs; (c) the NH3 yield rates of the samples in different solutions; (d) the orbital distributions and
the corresponding differential charge density distributions of *N, and *NNH adsorbed on CoO,QDs/GDY: (e) Yyn, of the GDY@CoO,QDs in
independent experiments;* (f) illustration of the NO3z to NHz conversion in an H-type electrolytic cell.3®
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Besides, the electrocatalytic nitrate reduction reaction
(NtRR) has shown great potential for efficient NH; synthesis at
room temperature and ambient pressure. Li's group reported
the GDY-MnO, heterointerface for highly selective and active
NH; synthesis.*® It is found that the incomplete charge-transfer
between GDY and Mn atoms at the interface structures lead to
the formation of new active sites, increasing the number of
active sites. The electrocatalytic NtRR test results showed that
the GDY-MnO, exhibited excellent electrocatalytic performance
for NH; synthesis with a large NH; yield of 463.4 pmol h™* cm >
and a high FE of 95.4% and long-term stability in 0.1 M KOH +
0.1 M NO;  aqueous electrolytes at room temperature and
ambient pressure.

4.1.4 Battery energy storage. GDY/MOs are also widely used
in the field of battery energy storage due to their unique elec-
tronic structure properties. The applications of GDY in battery
energy storage were initiated by theoretical predictions. In 2012,
the Searles group used DFT calculations to predict the 18-C
hexagons of GDY (Fig. 13a) as a promising Li adsorption storage
material; compared to 6-C hexagons (Fig. 13b), Li-atoms were
captured by the 18-C hexagon with a maximum loading of

Chemical Science

LiC;.%* In 2013, Zhao et al. studied the Li diffusion behavior by
DFT calculation(Fig. 13c and d).** And in order to improve
accuracy, Kim et al. used the hybrid DFT calculations to predict
the Li diffusion behavior.** The major diffusion behaviors
included in-plane diffusion and out of plane diffusion
(Fig. 13e). The large triangular-like pore formed by the sp and
sp® hybridized carbon atoms in GDY facilitated the Li diffusion
and improved the charge/discharge of Li-ion batteries.

The practical application of GDY as a high-efficiency lithium
storage material in experiments was reported by Li et al. in 2015
(refs. © and *¢) (Fig. 13j and k). Comparing experimental data
with the theoretical value of surface capacity, the value of
experimental results was larger than the theoretical capacity of
monolayer GDY (Fig. 13h-I and h-II), but smaller than the
monolayer GDY in Fig. 13h-III. This result indicated that Li
storage in multilayer GDY occurred mainly through both the
interlayer insertion/extraction way (Fig. 13f) and surface
adsorption/desorption method on the surface of the GDY films
(Fig. 13g and i). Based on the above calculation research, the
intrinsic advantages make GDY an ideal candidate for con-
structing electrode materials. Furthermore, GDY/MOs can

In-plane diffusion
Barrier energy

S &%
NS, o LCwpBE TS = 2

PBE .-~ 3: ) '!w '

Out-of-plane = MO

Relative energy (eV)

d out-plane

Relative energy (eV)

Diffusion path
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e LS T .'%’f
~NRS Vi
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Metal ljse —Li LiCy e—=CHL" "1 trode

electrode

Fig. 13

(a) Li in 6-C hexagon (two Li atoms are distributed on the two sides of the carbon network) and (b) Li in 18-C hexagon (both Li atoms are

on the same side of the carbon network);® (c) diffusion pathway of Li within one triangular-like pore and corresponding energy profile as
a function of adsorption sites;® (d) diffusion pathways of Li and corresponding energy profiles as a function of adsorption sites across a GDY
layer; (f) Li-intercalated GDY; (g) three different sites for occupation by Li atoms in GDY; adsorption of Li atoms on (h and i) both sides;®* (j)
representation of an assembled GDY-based battery; (k) photograph exhibition of the assembled full Li-ion battery and applied discharge for the

lighting of an LED bulb. Li-storage of GDY in a Li-ion cell.®®
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schematic illustration of the potential mechanism behind the improved

(@) An interfacial built-in electric field (E) between TiO, and GDY, which facilitates charge transfer across the interface; (b) and (c)

electrochemical performances due to the oxygen vacancy derived local

built-in electric field;®” (d) hybrid nanostructured MnO, nanowire/GDY and the electron/Li-ion pathway;® (e) cycling performance at 1 A gt of
MnO,/GDY, MnO, electrodes;®® (f) Cu ions migrate out of the Cug 9s5V>0s bulk phase to form Vey,0:% (g) illustration of the Li (green atoms)

diffusion pathway from gradient GDY to Cug.95V20Os via a built-in electri

c field (E); (h) the Li-ion migration energy barrier in the Cug.95V>0s5 bulk

phase;® (i) cycling performance of Cug ¢5V>0s and CuvO@GDY at a high current density of 10 A g~ () diffusion barrier without Fe vacancies

and with Fe vacancies;®° (k) Li adsorption energy without Fe vacancies a
presence of GDY.*°

improve interfacial ion and electron conductivities, and
enhance the interfacial stability to realize the construction of
high-efficiency electrodes. In 2018, the Huang group first re-
ported the GDY/MOs, TiO,@GDY, with superior electro-
chemical performances for lithium-ion batteries.*”” The results
indicated that TiO,@GDY showed a high reversible capacity of
432.4 mA h g~ after 300 cycles at a current density of 1 Ag™". It
was about 3 times that of TiO,. There were two main reasons
why the TiO,@GDY was so effective. One was the heterojunction
interfaces (Fig. 14a), the built-in electric field could facilitate Li-
ion diffusion from GDY to TiO,, and different work functions
brought about electron transfer from TiO, (~5.70 e€V) to GDY
(~4.52 eV). The same mechanism of heterojunction interfaces
of MnO,/GDY (Fig. 14d) was also reported by Huang's group
after 2 years.®® The research indicated that about 200 cycles
later, the irreversible capacity was maintained at 450 mA h g*
while the MnO, was just about 100 mA h g~* (Fig. 14e). The
vacancies can also significantly affect the performance of GDY/
MOs. It not only provided more ion storage sites, but also

5074 | Chem. Sci, 2024, 15, 5061-5081

nd with Fe vacancies;®° (1) the scheme of formation of Fe vacancy in the

facilitated the ion diffusion and improved the electrochemical
reactivity and kinetics. For example, the local electric field
produced by the oxygen-vacancies can further enhance the
electrochemical performances of TiO,@GDY (Fig. 14b and c).
Recently, the dual-vacancy strategy for the Cug¢5V,05@-
GDYcatalyst (Fig. 14f) was firstly reported by Li's group to
enhance the fast-charging capability of lithium-ion batteries.*
Compared to single V¢, or V, vacancy conditions, the lowest Li-
ion migration energy barrier was achieved when dual-V¢, and
V, were both present in the Cug 95V,0s@GDY catalyst (Fig. 14h).
The Cuy¢5V,05@GDY anodes with a built-in electric field (E)
pointing from GDY to Cugo5V,05 (Fig. 14g) showed high
capacities of 120.3 mA h g™ for 20 000 cycles at extremely high
current densities of 10 Ag™"' (Fig. 14i). Besides the oxygen
vacancy, the cationic vacancies also play a key role in modu-
lating the electronic structure of electrode materials. For
example, iron cationic vacancies (IV) of the GDY/ferroferric
oxide heterostructure (IV-GDY-FO) were reported by Li's
Group.” The charge transfer from FO to GDY could induce high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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valence Fe and exist stably with Fe vacancy (Fig. 14l). Fe
vacancies can decrease diffusion energy barrier (Fig. 14j) and
improve adsorption energies (Fig. 14k), and accelerate the
kinetic process to realize speedy charge transfer and ion
diffusion.

4.2 Applications of GDY/MOs in environmental remediation

4.2.1 Air pollution control. With the interaction between
GDY and MOs, GDY/MOs have strong CO adsorption and
oxygen activation ability, which endow them with outstanding
CO oxidation performance. Recently, our group firstly reported
that the neighboring sp-hybridized C and Cu sites on sub-
nanocluster CuO/GDY were the key structures to effectively
modulate the O, activation process in the bridging adsorption
mode for CO oxidation (Fig. 15a).® Compared to the sp*
hybridized carbon materials (graphene), the unique diacetylene
bonds (-C=C-C=C-) in GDY could promote the activation of
molecular oxygen to produce more ROS (Fig. 15b, -O,").
Furthermore, the neighboring sp-hybridized C is more favor-
able to promote the rapid dissociation of carbonate than sp>-
hybridized C, which facilitates the low-temperature CO oxida-
tion. CuO/GDY can readily convert 50% CO at around 133 °C,
which is 34 °C lower than that for CuO/graphene (Fig. 15c).

Moreover, our group has also made some progress in ozone
(O3) removal. O3, as a greenhouse gas and secondary atmo-
spheric pollutant, has caused serious harm to the ecosystem
and human health. Therefore, efficient and rapid removal of O3
is of great significance to the protection of environmental safety
and human health. Recently, our group has reported a three-
dimensional monolithic MoO;/GDY catalyst with a C-O-Mo

Chemical Science

bond. The sp-C in GDY could donate electrons to MoOj; through
the C-O-Mo bond, which facilitated the activation of water to
hydroxyl species (Fig. 15d), serving as the new active sites
(MoO;/GDY-20H) for rapid and efficient O; decomposition
under high humidity (RH = 75%).® And further, EPR spectro-
scopic experiments show that the MoO;/GDY catalyst can
accelerate O; decomposition and produce more active oxygen
species (-OH and -0, ) under humid conditions (Fig. 15e). As
shown in Fig. 15f, MoO;/GDY showed the best O; decomposi-
tion activity under high humidity conditions (75% RH) than
control samples: Cu foam and GDY, MoO; and other carbon-
based MoO; materials (MoO3/CNTs, MoO3;/AC, MoOj3/GR).
This study demonstrates the feasibility of water-promoted O3
decomposition on GDY/MOs and provides new insights on the
design of water activation for heterogeneous catalysis in a high-
humidity atmosphere.

4.2.2 Liquid organic pollution control. In addition to
gaseous pollutants, water pollution is also a serious risk to
human health. GDY/MOs also demonstrate potential value in
water treatment. The GDY possesses narrow band gap and high
intrinsic charge mobility, which were utilized in the composites
to improve the photocatalytic performance of MOs.** Moreover,
the formation of reactive oxygen species such as -0, and -OH
due to the activation of water and oxygen on GDY/MOs can
efficiently decompose the organic dye molecule into CO, and
H,0.” Venugopal et al. prepared the GDY-ZnO catalyst by the
one-pot hydrothermal method and examined the effects on the
photodegradation of methylene blue and rhodamine.”® The
experimental results demonstrated that the GDY-ZnO
possessed superior photocatalytic efficiency for the degradation
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(a) Neighboring sp-hybridized carbon-involved O, activation on the interface of sub-nanocluster CuO/GDY:; (b) EPR spectra of CuO/

GDY and GDY for *-O, " in DMPO spin trap solution; (c) light-off curves for CO oxidation over CuO/GDY, CuO/graphene, and CuO/active carbon
samples [reaction conditions: 1% CO + 5% O./N, balanced, total flow rate of 25 mL min™, and WHSV = 10 000 mL (g~ h™3];? (d) rapid O3
decomposition over water-activated monolithic MoOz/GDY nanowalls under high humidity; (e) EPR spectra of pristine MoO3s/GDY, Os-exposed
MoO=/GDY under dry and humid conditions for *OH in DMPO spin trap solution; (f) the Oz conversion of GDY, MoO3, MoO=/GDY, MoO=/CNTs,

MoO3z/AC, MoO3/GR and Cu foam under humid conditions (75% RH).2
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(a) Photocatalytic performance of GDY-ZnO nanohybrids and ZnO nanoparticles in the degradation of methylene blue;*® (b) photo-

luminescence spectra of ZnO and GDY-ZnO nanohybrids;** (c) schematic representation of GD-ZnO nanohybrid photocatalysis;®* (d) schematic
structure of P25-GD and tentative processes of the photodegradation of methylene blue (MB) over P25-GDY;** (e) photocatalytic degradation of
MB over TiO,(001), TiO>(001)GDY, TiO,(001)GR composites, and the blank experiment; (f) schematic of the photocatalytic properties of TiO,-

graphdiyne, and TiO,-graphene composites.®®

of dyes to that of bare ZnO (Fig. 16a). The absorption edge of
ZnO decreased due to the induction of GDY in GDY-ZnO
(Fig. 16b), thereby more photon energy was utilized, leading to
an enhanced photocatalytic reaction rate. Furthermore, the
conductive nature of GDY may make it a viable candidate for
effective transfer of photogenerated electrons from ZnO to GDY,
suppressing the recombination of free charge carriers (Fig. 16c).
The trapped electron on GDY can react with dissolved oxygen to
form -O, , whereas the holes react with water to form -OH,
which decomposed the azo dyes. Wang et al. prepared a series of
chemically bonded titania(P25)-GDY nanocomposites which
showed higher photocatalytic performance for degrading
methylene blue than bare P25, P25-CNTs and P25-GR.** The
formation of chemical bonds between P25 and GDY effectively
decreased the bandgap of P25 and extended its absorbable light
range. The introduction of a C 2p impurity band can contribute
to the narrowing of the TiO, band. Moreover, GDY served as the
acceptor of the photogenerated electrons of P25 and ensured
fast charge transportation (Fig. 16d). Besides, Wang et al
compared the photocatalytic properties of TiO,-graphdiyne,
and TiO,-graphene composites by first-principles density func-
tional theory and experiment.”® The TiO,-graphdiyne compos-
ites possessed superior charge separation and oxidation
properties (Fig. 16e and f), thereby they exhibited an oxidative
degradation rate constant for methylene blue of 1.63 and 1.27
times that of pure TiO, and TiO,-GR composites, respectively.
The studies we discussed above all reveal the potential value of
GDY/MOs for organic pollutants.

4.2.3 Antibacterial applications. The presence of bacterial
and viruses poses a threat to human health and the environ-
ment.”* GDY/MOs as an excellent photocatalytic material can

5076 | Chem. Sci, 2024, 15, 5061-508]1

produce numerous ROS to kill bacteria. In 2020, Zhang's group
reported GDY-modified TiO, nanofibers with osteoinductive
and enhanced photocatalytic antibacterial activities to prevent
implant infection.** GDY and UV played a key role in the reac-
tion. Compared to TiO, + UV, the ratio of dead cells to live cells
in the TiO,/GDY + UV group was much higher (4 times, Fig. 17a
and b). The electron spin resonance (ESR) spectra further
confirmed that the ROS (O,”, -OH) generation ability was
significantly enhanced after TiO, nanofibers were incorporated
with GDY (Fig. 17c¢ and d). In addition, our group has made
decent progress in antimicrobials. We have fabricated a series
of antimicrobial materials that exhibit excellent antimicrobial
performance (CuO/TiO,, Ag/Cu0O-V,, Ag/GDY, CuO/GDY), and
have investigated the mechanisms of bacteria inactivation in
depth,*7° respectively. In particular, CuO/GDY exhibited
outstanding E. coli inactivation activity. The E. coli inactivation
efficiency of CuO/GDY was about 19 and 7.9 times that of GDY
and CuO, respectively (Fig. 17e). The high energy acetylene
bond of GDY not only effectively regulated the electronic
structure of CuO, but prevented CuO nanoparticles from
agglomerating into the bulk CuO. ESR results indicated that the
CuO/GDY surface/interface can transfer electrons to molecular
oxygen and effectively activated molecular oxygen to -O,~
species (Fig. 17f), which could peroxidize the phospholipids of
E. coli cell membranes, leading to the cell membrane dysfunc-
tion and cell death (Fig. 17g).>® These findings demonstrated
that the GDY/MOs are potential antimicrobial materials.
However, the research on antibacterial activity over GDY/MOs is
in the initial stage, and novel high-performance antibacterial
materials and antibacterial mechanisms need to be further
explored.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.3 CO, reduction reaction

The depletion of fossil fuels and continued emissions of CO,
have resulted in a growing energy and environmental crisis. The
CO, reduction into chemical fuels is recognized as a potential
solution to these issues.'*® At present, CO, reduction reac-
tions (CO,RR) mainly face the following challenges: (1) the CO,
molecule is difficult to adsorb and activate; (2) hydrogen
evolution reactions that compete with CO, reduction reactions
should be effectively inhibited; (3) the stability of the catalyst
needs to be improved; (4) the selectivity of reduction products is
difficult to control and the mechanism of the CO, reduction
reaction needs further study. To date, several attempts have
been made to solve these problems.

Recently, Yu et al. successfully synthesized TiO, nanofibers
supported by the GDY cocatalyst (Fig. 18a) through an electro-
static self-assembly method for photocatalytic CO, reduction.**®
The first calculations and in situ XPS tests showed that delo-
calized electrons in GDY can be hybridized with empty orbitals
in TiO,, forming an internal electric field (IEF) at the interfaces
of TiO,/GDY (Fig. 18b). The unique structure of IFE, combined
with the photothermal effect of GDY, can enhance charge
separation, directed electron transfer, CO, adsorption and

© 2024 The Author(s). Published by the Royal Society of Chemistry

activation (Fig. 18c-e), thus significantly improving the effi-
ciency and selectivity of CO, photoreduction. Li et al. developed
a GDY/SnO, electrocatalyst with a novel heterostructure,*
achieving highly selective reduction of CO, to formates at high
current density. The results showed that GDY has advantages in
effectively regulating the valence state of SnO,, increasing the
charge transfer ability and the number of active sites.

The maximum reaction selectivity was 99.5% and the
formate yield was 323.42 umol h™" ecm™ at a high current
density of 112 mA em 2 and an applied voltage of —0.9 V vs.
RHE. From the operando in situ infrared (IR) measurements, an
upward peak at 1390 cm ™' indicated that the OCHO* species
was the key intermediate in the formation of formate. And the
appearance of *CO (1956 and 2012 cm™ ') explained the later
emergence of CO. Combined with these results, they further
proposed that the formation of OCHO* was an exothermic
process while the formation of *COOH was endothermic
conversely. Therefore, to generate formate, the limiting poten-
tial is determined by the OCHO* hydrogenation step. In
conclusion, the conversion efficiency and the selectivity of
target products can be improved by studying the mechanism of
the CO,RR deeply and designing efficient catalysts. In addition,

Chem. Sci., 2024, 15, 5061-5081 | 5077
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» after adsorption of CO,/H,O for 60 min in dark (A) and TiO,/GDY after adsorption of CO,/H,O for 20 (B), 40 (C), and 60 (D) min in dark;

(@) Raman spectra of GDY and TiO,/GDY; (b) schematic diagram for the electron transfer and the formation of IEF between TiO, and GDY upon
their contact; (c) in situ DRIFTS spectra of TiO, after adsorption of CO,/H,O for 60 min in dark (A) and TiO,/GDY after adsorption of CO,/H,O for

20 (B), 40 (C), and 60 (D) min in dark; (d) photocatalytic activities of CO,

reduction over the samples; (e) schematic illustration of the TiO,/GDY

heterojunction: internal electric field-induced charge transfer and separation under UV-visible light irradiation for CO, photoreduction.*°¢

photocatalytic conversion of CO, into energy-rich products is
also an ideal strategy to pursue renewable energy;'*"* GDY/
MOs possess excellent CO, activation and charge separation/
transfer ability and may be a potential photocatalytic CO,
conversion material.

5. Conclusions and perspectives

In this review, we systematically summarized the structure,
synthesis and advanced characterization methods of GDY/MOs
and their applications in energy conversion and environmental
remediation (HER, OER, NRR, CO,RR, air pollution control,
liquid organic pollution control, antibacterial activity, etc.). In
particular, the detailed structure-performance relationship,
activation behaviors (activation of H,0, O,, CO, and N,),
intermediate species and corresponding mechanisms for
energy and environmental catalysis were discussed.

The unique sp-hybridized carbon atoms and triangular cavi-
ties in the GDY-conjugated structure facilitate the formation of
strong interfacial contacts with metal oxide. The interaction
between metal oxide and GDY endows GDY/MOs with fast charge
transfer at the interface, promoting the adsorption and activation
of reactant molecules (H,O, N,), and regulating the adsorption
and desorption of active intermediates, which exhibits excellent
performance in water electrolysis (HER and OER) and NRR. GDY
as the carrier can disperse MOs uniformly and induce the
formation of metal vacancy which could regulate the charge
distribution around vacancies and adjacent atoms, facilitating
electronic transportation, enlarging the lithium-ion diffusion,

5078 | Chem. Sci, 2024, 15, 5061-5081

and thus displaying distinguished battery energy storage. The
interfacial chemical bonds formed between sp-hybridized C and
MOs endow GDY/MOs with the ability to activate oxygen to form
-0, species, enabling GDY to be used as an outstanding catalyst
for low temperature CO oxidation and antimicrobial perfor-
mance. The heterogeneous interfaces formed by high charge
mobility GDY and MOs could generate more electron hole pairs
under illumination, and effectively suppress the recombination
of the generated electron-hole pairs, leading to excellent photo-
catalytic performance for carbon dioxide reduction, nitrogen
reduction and degradation of organic pollutants such as methy-
lene blue and rhodamine. Therefore, we believe that further
exploration of GDY/MOs will further reveal their intrinsic prop-
erties and pave the way for practical applications in energy and
environment-related fields.

The above unique advantages enable GDY/MOs to show
excellent performance and great application potential in energy
conversion and environmental remediation. Although many
advances have been made in the synthesis and application of
GDY/MOs for energy and environmental catalysis, the research
and efficient utilization of GDY/MOs are still in the develop-
ment stage and further improvements are still desired. Based
on the current perspectives, it is worth carrying out more in-
depth explorations into the synthesis, properties and practical
applications in future research.

(i) The research of GDY/MOs is mainly focused on basic
research. It is essential to explore the service life of the GDY/
MOs and expand the practical applications in the fields of

energy conversion and environmental remediation: (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exploring low-cost, large-scale, uniform and controllable
synthesis of GDY/MOs; (2) assembling catalysts into device
realizable applications, such as a complete set of devices
directly capable of seawater electrolysis and a complete set of air
purification device.

(if) At present, the photocatalytic water splitting efficiency of
GDY/MOs still needs to be improved. We can effectively choose
GDY/MOs by DFT calculations and machine learning, and
further enhance the photocatalytic water splitting performance
by modulating the interfacial structure of GDY and suitable
MOs.

(iii) Current research on GDY/MOs in the field of energy is
mainly focused on water splitting and NH; synthesis. However,
GDY can effectively transfer electrons to form strong interac-
tions with MOs, which can promote the adsorption and acti-
vation of small molecules, and may have a greater application
prospect in fuel cells and syngas preparation.

(iv) Besides CO and O3, other gaseous pollutants also threaten
the environment and human health, such as volatile organic
compounds (VOCs). The strong interaction between acetylenic
links in GDY and MOs can effectively activate O, and H,O to
generate -O,~, -OH, which has great potential for the oxidation
of VOCs. Moreover, the catalytic mechanism of GDY/MOs for
VOCs deserves in-depth and comprehensive exploration.

(v) Emerging pollutants (EPs) are a class of chemical
pollutants that pose potential or substantial threats to human
health and ecological environment. EPs mainly include phar-
maceuticals and personal care products, endocrine disrupting
chemicals, antibiotics, persistent organic pollutants, disinfec-
tion by-products and other industrial chemicals, etc. The GDY/
MOs with high specific surface area and strong activation ability
for organic pollutants can benefit the adsorption and elimina-
tion of some EPs.

(vi) Currently, the selectivity of the CO,RR and NRR on GDY/
MOs could reach nearly 100%, but its conversion rate is still very
low, and it is necessary to continue to design and synthesize
high-performance GDY/MO materials.

(vii) The relationship between the structures, properties, and
performance of the GDY/MOs, active intermediates and mech-
anisms need to be thoroughly revealed and understood at the
molecular and atomic levels through machine learning, and
advanced in situ and ex situ techniques. At present, the research
of GDY/MOs in energy and environmental catalysis is in its
initial stage, there is still much room for improvement.

Undoubtedly, GDY/MOs are a key material for the develop-
ment of high-performance and new technologies in the fields of
energy conversion and environmental remediation. It is
believed that GDY/MOs are capable of delivering incredible
performance appropriate for the applications including but not
limited to energy and environmental aspects. We are looking
forward to a better tomorrow for GDY/MO research.
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