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ABSTRACT: Graphdiyne (GDY), a rising star of carbon

allotropes, features a two-dimensional all-carbon network with Intelligent devices Energy conversion
the cohybridization of sp and sp? carbon atoms and represents a

trend and research direction in the development of carbon

materials. The sp/sp?-hybridized structure of GDY endows it with Detector
numerous advantages and advancements in controlled growth,

assembly, and performance tuning, and many studies have shown

that GDY has been a key material for innovation and  Separation
development in the fields of catalysis, energy, photoelectric

conversion, mode conversion and transformation of electronic o )
devices, detectors, life sciences, etc. In the past ten years, the | Lifé science & Electronics
fundamental scientific issues related to GDY have been under-
stood, showing di erences from traditional carbon materials in
controlled growth, chemical and physical properties and mechanisms, and attracting extensive attention from many scientists.
GDY has gradually developed into one of the frontiers of chemistry and materials science, and has entered the rapid
development period, producing large numbers of fundamental and applied research achievements in the fundamental and
applied research of carbon materials. For the exploration of frontier scientific concepts and phenomena in carbon science
research, there is great potential to promote progress in the fields of energy, catalysis, intelligent information, optoelectronics,
and life sciences. In this review, the growth, self-assembly method, aggregation structure, chemical modification, and doping of
GDY are shown, and the theoretical calculation and simulation and fundamental properties of GDY are also fully introduced.
In particular, the applications of GDY and its formed aggregates in catalysis, energy storage, photoelectronic, biomedicine,
environmental science, life science, detectors, and material separation are introduced.

KEYWORDS: graphdiyne, two-dimensional carbon materials, controlled growth, atomic catalysis, energy conversion, life science,
intelligent device, material separation
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1. INTRODUCTION and urgent to develop carbon materials with mixed hybrid states.

Emerging carbon materials have become one of the frontier Scientists have long been concerned about the hybrid state of
research fields in many disciplines due to their special physical

and chemical properties and wide application prospects.
However, traditional carbon materials (such as graphite,
graphene, carbon nanotubes, fullerenes, etc.) that have been
synthesized are only composed of sp? carbon atoms, and have
been lacking sp and sp? cohybrid carbon allotropes, which is a
serious lack of a comprehensive understanding of the
connotation of carbon materials." Therefore, it is very necessary
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Figure 1. GDY structure. (a) Molecular structure of GDY. (b—c) ACS maps of GDY. Reproduced with permission from ref 8. Copyright 2015,
Elsevier. (d) Top and side views of electron densities. (e—g) Various stacking structures of GDY. Reproduced with permission from ref 33.
Copyright 2017, American Chemical Society. (h) Simulated band structures and density of states (DOS) of GDY. Reproduced with permission
from ref 41. Copyright 2011, American Physical Society. (i) Geometrical structures of the AB-2, AB-3, and AB-1 stacked bulk GDY. (j)
Corresponding band structure and the DOS simulation. Reproduced with permission from ref 39. Copyright 2013, American Chemical Society.
(k) Top and side views of ABC stacking GDY. (I) Band structures using the PBE and HSE06 functionals. Reproduced with permission from ref

42. Copyright 2019, Elsevier.

carbon materials. It was not until 2010 that the sp and sp?
cohybrid carbon allotrope GDY was synthesized by Li and co-
workers." GDY is a two-dimensional planar network formed by
the connection of an alkyne bond (sp-C) and benzene ring (sp?-
C). Itis considered as a carbon material with an almost perfect
structure.”"° GDY’s discovery has realized people’s long-term
expectation of the members of the carbon family, expanded the
understanding of carbon material, and explored a direction of
carbon materials research.’>~** Importantly, scientists expect
GDY-based materials to become key materials for catalysis,™ "
energy storage,"®'® energy conversion materials,>*°~% elec-
tronics, life sciences,”® and multidomain next-generation high-
performance devices.

The successful synthesis of GDY enriched the carbon material
family and set a precedent for the preparation of all-carbon
materials in solution by synthetic chemistry. The special
arrangement of the sp/sp>hybridized carbon atoms in GDY
gives it distinctive chemical and electronic structures as well as

fascinating properties including an inherent band gap, excellent
chemical and mechanical stability, highly conjugated and
superlarge  structures, abundant carbon chemical bonds,
infinite distribution of natural pores, intrinsic band gap, excellent
chemical and mechanical stabilities, and so on.**** In particular,
the important property of the controllable growth of GDY on
any substrate provides high convenience for the rapid
preparation of films, heterojunctions, and composite material
systems of dierent dimensions and sizes.”>?° It changes the way
of preparing and processing traditional carbon materials with
high temperature and high pressure and shows the advantages
and advanced characteristics of GDY in growth, assembly,
controlled performance, and other aspects. These advanced
materials and the characteristics of controllable growth and
assembly of aggregation structures lead to the convenience of
GDY-based materials in applications and processing. The results
show that GDY has been widely used in the fields of energy,
catalysis, environmental science, electronic devices, detectors,

https://doi.org/10.1021/acsnano.3c03849
ACS Nano 2023, 17, 14309—-14346
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Figure 2. Crystalline GDY. (a) Schematic diagram of the synthesis of GDY. (b, ¢, ¢, f, h,i) HRTEM and (d, g, j) selected area electron di raction
(SAED) images. Reproduced with permission from ref 44. Copyright 2023, Elsevier.

biomedicine, and therapy.?’ > We are also pleased to see that,
as an emerging science, graphdiyne has given birth to some
innovative scientific concepts, phenomena, properties, and
applications. As one of the frontiers of chemistry and materials
science, graphdiyne was listed in the Top 10 research areas in the
2020 Research Frontiers report, jointly released to the Top 10
world by the Institutes of Science and Development of the

Chinese Academy of Sciences (CASISD), the National Science
Library of Chinese Academy of Sciences, and Clarivate

Analytics.
In this review, the growth, self-assembly method, aggregation

structure, chemical modification, and doping of GDY are
systemically discussed, and the theoretical calculation and
simulation and fundamental properties of GDY are also fully

https://doi.org/10.1021/acsnano.3c03849
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Figure 3. Few-layer and large area GDY. (a) TEM image of GDY films. (b) AFM image of the few-layer GDY films with the thickness of 3 nm. (c)
2D grazing incidence wide-angle X-ray scattering of GDY films. (d) SAED pattern of the GDY film. Reproduced with permission from ref 33.
Copyright 2017, American Chemical Society. (h) TEM images of cuboidal GDY boxes and GDY sheets. (i) HRTEM image of GDY film.
Reproduced with permission from ref 46. Copyright 2020, Wiley-VCH. (g) Optical images of the GDY powder and eGDY. (h) Theoretical
simulation of the ion adsorption structures. Reproduced with permission from ref 47. Copyright 2019, Wiley-VCH. Optical photographs (i) and
AFM image (j) of GDY nanosheets. Reproduced with permission from ref 48. Copyright 2022, American Chemical Society. (k) AFM images of
few—Ilayer GDY. (I) TEM and SADE images of the ABC-stacking GDY film. Reproduced with permission from ref 49. Copyright 2020, Wiley-
VCH.

introduced. In particular, the applications of GDY and its formed
aggregates in catalysis, energy storage, photoelectronics,
biomedicine, environmental science, life science, detectors,
and material separation are introduced. Finally, the oppor-
tunities and challenges for fundamental research and applied
research of GDY are comprehensively discussed.

2. THE STRUCTURES AND PROPERTIES OF
GRAPHDIYNE

GDY has a two-dimensional (2D) planar network comprised of
sp?-C (benzenic rings) and sp-C (alkyne, Figure la—c) and
exhibits a hexagonal symmetry structure (P6m). Superior to
traditional carbon materials, GDY possesses four types of
chemical bonds of Cy>—C,2 (benzene ring, 1.41 R), single Cop—
C,p (140 A), triple C,—Cy, (1.24 A), and single Cy,—Cy, (1.33
A) bonds. The sp- and sp?-cohybrids make the surface charge
highly unevenly distributed on GDY surfaces (Figure 1d). The
theoretical cell crystal parameters a, b, ¢, and  for the GDY
structure are 9.38 A, 9.38 A 3.63 A and 120°, respectively. The
interlayer distance of GDY was calculated to be approximately
3.7 A. Shuai and co-workers calculated the structure of GDY
nanosheets by molecular dynamics simulations and obtained an
optimized lattice parameter of 9.48 A>® Monolayer GDY

14312

belongs to the hexagonal system and the P6/mmm space group.
The d-spacings of the (100) and (110) planes are 0.821 and
0.474 nm, respectively. As shown in Figure le—g, few-layer
graphdiyne theoretically has three di erent stacking modes with
high symmetry. The AA-, AB-, and ABC-stacked GDY structural
modes are ascribed to the symmetries of P6/mmm, P6;/mmc
and R3m respectively. Nishihara and co-workers simulated the
SAED of GDY and showed that, among all the stacking modes of
the GDY structures with high symmetry, the (100) reflection of
ABC-stacked GDY is absent, which corresponds to the
systematic elimination of rhombohedral (R)-centering.*®
Another important characteristic of GDY is that it has natural
band gap ( 0.44—1.47 eV), which indicates that GDY is a direct
band gap semiconductor material (Figure 1h—1).>"~** Lu et al.
compared the density of states and the energy band distribution
of GDY and showed that the band gaps of GDY at the LDA and
GW levels were calculated to be 0.44 and 1.10 eV, respectively.**
The experimental and theoretical quasiparticle band gaps of
GDY were 1.17 and 1.29 eV, respectively, which are very close to
that of Si. Besides, GDY has a high in-plane electron mobility of
2% 10%cm? Vs and a hole mobility of 2 x 10°cm? Vst at
room temperatures, respectively, indicating its excellent electron
transport properties.*®***? Previous results also revealed that

https://doi.org/10.1021/acsnano.3c03849
ACS Nano 2023, 17, 14309—-14346
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Figure 4. Low dimension of graphdiyne derivatives. (a) STM image of the self-assembly of pyridine-modified terminal alkynes on Au(111); (b)
STM image of the self-assembly of N-doped GDYNY on the Au(111) surface; (c) bond-resolved AFM frequency shift image of N-doped
GDYNY; (d) simulated STM image of N-doped GDYNY. Reproduced with permission from ref 73. Copyright 2023, American Chemical
Society. (e—f) AFM height images of GDYNR. (g) Schematic structure of GDYNR.”* Reproduced with permission from ref 74. Copyright 2020,
Wiley-VCH. (h) TEM images of GDY-Py QDs. (i) Volume-weighted size distribution of GDY-Py QDs. (j) Photographs of GDY-Py QDs
dispersions in di erent solvents. (k) UV—vis absorption of samples. Reproduced with permission from ref 75. Copyright 2020, Wiley-VCH.

the tuning of the GDY structures (e.g.,, quoted strain, boron/
nitrogen doping, nanocarbon structures, and hydrogenation,
etc.) could e ectively tune the band gaps. For example, the
optical energy gap of HGDY, MeGDY, and CNGDY were
measured to be 1.73, 1.62, and 1.53 eV, respectively (CNGDY <
MeGDY < HGDY), and the direct band gaps of HGDY,
MeGDY, and CNGDY monolayers calculated by PBE functional
were 0.79, 0.77, and 0.73 eV, respectively.*?

3. SYNTHESIS OF GRAPHDIYNE AND ITS
DERIVATIVES

3.1. Synthesis of Crystalline Graphdiyne. Crystalline
structures have been desirable in engineering applications due to
their obvious advantages compared to amorphous materials.
More recently, our group established a stabilization method for
green and selective synthesis of all-crystalline GDY through a
simple surface-induced assembly coupling process (Figure
2a).** Typically, the carboxylated carbon fiber (CCF) was
used as the substrate, and a piece of Cu foil was used to provide
the Cu ions. The hexaethynylbenzene (HEB) was dropwise
added into the above reactors, allowing for the adsorption and
assembly of HEB on the surface of CCF, followed by the growth
of all-crystalline GDY. This is the important work that realizes
the controlled and facile growth of all crystalline GDY. The

14313

typical high-resolution TEM (HRTEM) images (Figure
2b,c,ef,h,i) and corresponding selected-area electron di raction
(SAED) patterns (Figure 2d,g,j) demonstrated the successful
synthesis of all-crystalline GDY. From the enlarged HRTEM
images, a hexagonal lattice with a large d spacing of about 0.45
nm was observed, which can be indexed by the (1120)
reflections of GDY. The observed experimental patterns
revealed that the all-crystalline GDY samples are stacked in
the ABC stacking mode and not those of either AA or AB modes.
This is in accordance with previous reports. Lu and co-workers
observed the six-layered single crystalline of GDY with the ABC-
stacked mode and a thickness of approximate 2.19 nm
(corresponding to six layers).”> In another work, Gao et al.
reported a solution-phase van der Waals epitaxial growth
method for the synthesis of crystal GDY on the surface of
graphene.®* Their results showed that the in-plane coupling was
faster than out-of-plane growth toward the formation of an
incommensurately stacked heterostructure composed of single-
layer graphene and few-layer ABC-stacked GDY. Electron
microscopy and Raman fingerprinting results demonstrated the
perfectly ordered 2D GDY structures. Matsuoka et al. reported
the liquid/liquid (liquid/gas) interface-assisted synthesis of
crystalline GDY nanosheet (Figure 3a—d).** The obtained
crystalline hexagonal GDY nanosheets showed an average

https://doi.org/10.1021/acsnano.3c03849
ACS Nano 2023, 17, 14309—-14346
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Figure 5. Other structures of graphdiyne derivatives. (a) Schematic diagram of the structure of graphyne. Reproduced with permission from ref
77. Copyright 2022, Springer Nature. AFM (b) and HR-AFM (c) images of graphyne. (d) SAED image of graphyne (inset: the one-dimensional
strip structure of graphyne). Reproduced with permission from ref 78. Copyright 2022, American Chemical Society. (e) Scheme of the structure
of GTTY. (f) AFM and (g) HR-TEM images of GTTY. (h) SAED image of GTTY. Reproduced with permission under a Creative Commons CC-
BY License from ref 79. Copyright 2021, Chinese Chemical Society. (i) The structure of P-GDY. AFM (j), TEM (k), XRD (1), HRTEM (m, o),
and SAED (n, p) images of P-GDY. Reproduced with permission from ref 80. Copyright 2023, American Chemical Society.

thickness of 3 nm (Figure 3a,b), average size of 1.5 mm, and an
ABC stacking mode.

3.2. Synthesis of Few-Layer Graphdiyne. The reaction
conditions of the reactions are essential for the synthesis of GDY
with di erent layers or thickness.”® Zhang and co-workers
reported the catalyst-free synthesis of few-layer GDY at a solid/
liquid interface by a microwave-induced temperature gradient
(Figure 3e,f). Under microwave irradiation, inorganic crystals
with large dielectric constants could be heated to certain
temperatures, whereas the nonmicrowave-absorbing solvent
remained at room temperatures, resulting in a temperature
gradient, which leads to the facile synthesis of few-layer GDY.
Experimental results showed that GDY nanosheets had a
thickness of less than 2 nm and a field-e ect mobility of 50.1 cm?
V7157 In addition to the chemical synthesis methods, Mao et

al. reported a damage-free liquid-phase exfoliation method for
the preparation of few-layered GDY (Figure 3g),"’ during which
lithium hexafluorosilicate would be embedded into the bulk
GDY followed by being exfoliated to the few-layer GDY. Optical
and AFM images illustrated that GDY was exfoliated to several
nanometers. HAADF-STEM images confirmed the crystalline
structure of single-layer GDY (Figure 3h).*” Hu et al. reported a
simple and fast growth of large area GDY films on the surface of
Cu foil by usint a copper trichloro (CuCl;™) complex catalyst
(Figure 3i—)."® The intensity of the conjugated diyne bonds for
the as-synthesized GDY film in Raman spectra was significantly
higher than that of previously reported ones. Based on the
liquid—liquid interface synthesis, more few-layer graphdiyne
synthesis methods have been developed (Figure 3k—I).** Zhou
et al. also realized the synthesis of ultrathin GDY films using

https://doi.org/10.1021/acsnano.3c03849
ACS Nano 2023, 17, 14309—-14346
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Copyright 2019, American Chemical Society. (e—f) Pd®/GDY, Reproduced with permission under a Creative Commons CC-BY License from
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from ref 83. Copyright 2021, American Chemical Society. (i—j) Cu®/GDY Reproduced with permission from ref 84. Copyright 2022, Wiley-
VCH. and (k—1) Pt% GDY. Reproduced with permission under a Creative Commons CC-BY License from ref 85. Copyright 2022, Wiley-VCH.
(m—0) HAADF-STEM images of CUEr-GDY. (p) Top and side views of the optimized configurations of Cu and Er atoms anchoring on the GDY
model. Reproduced with permission from ref 44. Copyright 2023, Elsevier.

graphene (or hexagonal boron nitride) as the surface template.>°
Kong et al. employed a more e cient Cu(ll)-N,N,N",N’-
tetramethylethylenediamine (TMEDA) for faster growth of
GDY at the superspreading liquid/liquid interface in water/
toluene.”> GDY samples with 4—50 nm thickness could be
obtained in 2 h at room temperatures. By controlling the Cu?*
di usion, Huang and co-workers achieved the control over the
growth speed of GDY film.>

3.3. Synthesis of Graphdiyne Derivatives. One of the
important properties of GDY is that it can do chemistry. This
allows the controlled synthesis of a large amount of GDY
derivatives with di erent chemical structures, including the
heteroatoms (such as F, Cl, CN, B, and N) and functional group-
substituted GDY.>*”®” Yuan and co-workers reported the

synthesis of large-area porous hydrogen-substituted GDY
(HsGDY) film under moderate reaction conditions via
dehalogenative homocoupling.®® S H-GDY, F-GDY, and Me-
GDY were fabricated via monomer coupling at the interface by
Song et al. via the liquid/liquid interface method.®® Zhao and co-
workers synthesized crystalline cyano-functionalized graphdiyne
at a liquid/liquid interface, showing a 9-fold stacking mode.”
Kan et al. explored the interfacial synthesis of 2D N-graphdiyne
films.”* Szczurek and co-workers developed a route toward the
structure of N-graphyne via the Sonogashira cross-coupling
reaction of 1,3 5-triethynylbenzene with cyanuric chloride.”?

In addition to the 2D film morphology, Chi and co-workers
reported the synthesis of well-aligned nitrogen-doped GDYNW
on gold surfaces with selective on-surface acetylenic homocou-

https://doi.org/10.1021/acsnano.3c03849
ACS Nano 2023, 17, 14309—-14346



ACS Nano

Wwww.acsnano.org

Review

04 08 12
£ Distance (nm)

1 ,~”" HGDY (40 ms, 1,640K)
1 +AL (54 ms, 2,537 K)
\. +Al+NaClO, (8 ms, 3,286 K) .

450 °C initiated

AL

g

T
\

Single atom

©
o
] :

Nanoparticle

P
g y
. B

C
o
©
C

HGDY aerogel Sn e O

High-entropy alloy High-entropy oxide

Figure 7. GDY-induced growth of nanostructures. (a) Simulated atomic arranging process and model of individual Rh nanocrystal. (b, c)
HAADF-STEM image of Rh/GDY. (d—h) HAADF-STEM images of Rh/GDY. Reproduced with permission under a Creative Commons CC-BY
License from ref 94. Copyright 2022, Springer Nature. (i) Schematic diagram of the hydrogen-substituted GAUSS process. Reproduced with

permission from ref 96. Copyright 2023, Springer Nature.

pling reactions (Figure 4a—d).” Li and co-workers presented
the synthesis of GDY nanoribbons with uniform width (4.16 nm
in width; Figure 4e—g) through stepwise inter- and intra-
molecular Glaser—Hay coupling reaction of ethynyl groups.”
Liu and co-workers proposed a facile strategy to the controllable
synthesis of GDY quantum dots in which pyrene groups are
covalently linked to GDY (GDY-Py QDs, 3 nm; Figure 4h—k).”
Min et al. reported that the synthesis of GDY oxides QDs with
superior photostability and hydrophilicity by solvothermal
treatment of graphdiyne oxide nanosheets.”® Recently, another
important GDY derivative, graphyne, was synthesized by both
the Zhang group (Figure 5a,b)’” and Rodionov group (Figure
5¢).”® Rodionov et al. showed that the graphyne has a band gap
of 0.48 eV, a hexagonal a-axis spacing of 6.88 A, and an interlayer
spacing of 3.48 A (Figure 5d). Pan et al. reported the direct
synthesis of crystalline g7raphtetrayne (GTTY) via the Glaser
coupling (Figure 5e—h).”® Wang et al. synthesized a crystalline
2D phosphine-graphdiyne (P-GDY) material (Figure 5i—I).2°
Experiment results revealed that the p— conjugation of most
trivalent was insignificant, owing to the pyramidal configuration.
HRTEM and SEAD images in di erent crystal orientations
indicated the high crystallinity of the P-GDY (Figure 5m—p).
The lone pair electrons of the phosphorus atoms strongly
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participated in delocalization under the influence of the
interlayer van der Waals forces in P-GDY.

3.4. Synthesis of Graphdiyne-Based Nanostructures.
By utilizing the specific properties of the acetylene-rich
structure, the spatial confinement e ect, and the incomplete
charge transfer between GDY and metal atoms, we achieved the
successful anchoring of zerovalent metal atoms on the surface of
GDY and named the developed catalysts “atom catalyst”. The
emergence of atomic catalysts solves the challenge of traditional
single atom catalysts that cannot anchor zerovalent metal atoms.
In 2018, Li and co-workers originally reported the GDY-based
zerovalent metal atom catalysts (Ni%/ GDY, Fe%/GDY).?’ Single
metal atoms were uniformly and separately anchored on the
surface of GDY. Inspired by this pioneering work, a series of
GDY-based zerovalent metal atom catalysts have been
synthesized, such as Mo%/GDY (Figure 6a—d),** Pd°%/GDY
(Figure 6e,f),% Co®%/GDY (Figure 6g,h),%* Cu%/GDY (Figure
6i,j),%* Pt%GDY (Figure 6k,),% and so on (e.g, Rh, Ru, Mn,
etc.).®*®® More recently, Li and co-workers reported the
bimetal atomic catalyst that featured atomically dispersed Cu
and Er atoms anchored on all crystalline GDY (CuEr-GDY,
Figure 6m—p). HAADF and DFT-optimized results confirmed

https://doi.org/10.1021/acsnano.3c03849
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that the Cu and Er atoms are anchored on GDY with the
structure of the model in Figure 6p.2%~%*

GDY could also realize the controllable synthesis of well-
defined nanostructures with controlled crystalline phases,
defects, and determined valence states of metal atoms. For
example, Gao et al. reported a facile synthetic method to yield
well-defined Rhodium nanocrystals in agueous solution using
formic acid as the reducing agent and graphdiyne as the
stabilizing support.”* HAADF-STEM images clearly show the
presence of the atomic steps and the formation of high-density

atomic defects, which could produce infinite active sites and
therefore high intrinsic catalytic activity (Figure 7a—h). By using
similar methods, Fang et al. reported the control of catalyst
morphology, metal valence state, and coordination environment
of iron oxides by using GDY as the growing support.”® More
recently, Cui and co-workers developed the method for ultrafast
controllable preparation of metastable nanomaterials (Figure
7i).%° They developed the hydrogen-substituted graphdiyne-
assisted ultrafast sparking synthesis (GAUSS) which could
achieve a temperature of 1,640 K within 40 ms. The hydrogen-

https://doi.org/10.1021/acsnano.3c03849
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Schematic representation of the photocatalyst NRR. (n) SEM image of GDY@Fe-B. (0) O 1s XPS spectra. (p) Yy, at di erent times under

irradiation. Reproduced with permission from ref 95. Copyright 2021, Wiley-VCH. (q) Schematic diagram of NH; production on GDY@CoO .
(r) Ynu, of GDY@CoO QD in independent experiments. Reproduced with permission from ref 106. Copyright 2021, Elsevier.

substituted graphdiyne provided the acetylenic site of
adsorption and high-density sites of microexplosions. A series
of high-entropy alloys and high-entropy oxides could be
synthesized by the universal method. These studies proved
that GDY was an ideal substrate for the controlled synthesis of
nanomaterials.

Recently, Luan et al. reported the process of materials changes
while Zn ions were deposited or dissociated on graphdiyne
(Figure 8a—m).°” And Fan, Li, and co-workers demonstrated
the process of Au(111) in situ growth on graphdiyne (Figure
8n—q).”® Benefitting from in situ growth on an arbitrary
substrate at room temperature and atmospheric pressure,
graphdiyne could simultaneously achieve the stabilization of
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materials and modulation of active sites at the interface. Wang et
al. reported a universal growth method to achieve stabilization of
electrode materials by in situ coating with graphdiyne.®® And
Zhang et al. reported the in situ growth of GDY on the surface of
cobalt—nickel mixed oxides that e ectively optimized the
adsorption/desorption capacities of the intermediate and
promoted direct C—N coupling for urea synthesis."® Besides,
the sandwich structure was typically synthesized in two steps.
First, the other materials were prepared on GDY, followed by in
situ cladding few-layer GDY film via a coupling reaction. These
various controllable synthesis and design approaches have led to
a wide range of applications for GDY-based materials in the
fields of catalysis, energy, biology, and intelligent devices.

https://doi.org/10.1021/acsnano.3c03849
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Figure 10. Electrocatalytic carbon dioxide reduction to methane. (a) Schematic illustration of the synthesis of Cu SAs/GDY. (b) HAADF-STEM
images of the Cu SAs/GDY. XANES (c) and EXAFS (d) spectra of Cu SAs/GDY. (e) Diagram of flow cell device. (f) Faradaic e ciency of Cu
SAs/GDY atdi erent potentials. Reproduced with permission from ref 84. Copyright 2022, Wiley-VCH. (g) Schematic diagram of the synthesis
of Cu SAs/RGDY. (h) HAADF-STEM image and EDX mapping of the Cu SAs/F-GDY. (i) The average valence state of samples. (j) EXAFS
spectra of Cu SAs/RGDY and Cu foil. (k) CO-probed DRIFT spectra. (I) The Faradaic e ciency and current density of CH, of Cu SAs/RGDY
at —1.2 V. Reproduced with permission from ref 112. Copyright 2023, Wiley-VCH.

4. GRAPHDIYNE-BASED CATALYTIC MATERIALS

The unevenly distributed surface charge, large specific surface area, and
excellent stability of GDY endow it with infinite active sites, high
intrinsic activity, and stability for catalysis.”® GDY-based catalysts have
made significant progress in various fields, including the nitrogen
reduction reaction (NRR) for ammonia production, the nitrate
reduction reaction (NtRR), hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), CO, reduction reaction (CO,RR),
and many other di erent reactions,2”2%10%:102

4.1. Ammonia Synthesis. The development of synthetic ammonia
chemistry is a great opportunity to promote the progress of human
society. E cient conversion of inert atmospheric nitrogen (N,)
molecules into ammonia (NH;) at room temperature and ambient
pressure to conventional Haber-Bosch processes is still a big challenge.
Compared with traditional catalysts, GDY-based catalysts have shown
outstanding advantages in the process of nitrogen fixation to ammonia
through both NRR and NtRR. Li and co-workers reported the GDY-
based zerovalent Mo atom catalysts (Mo®/GDY, mass loading: 7.5 wt
%) for e cient NRR at room temperature and ambient pressure
(Figure 9a).®* HAADF-STEM images and XAFS spectroscopy
confirmed the successful anchoring of zerovalent Mo atoms on GDY
and the high dispersion of the active sites. Besides, experimental and

theoretical analyses reveal the presence of incomplete charge transfer
between GDY and Mo atoms. These advantages endow the atom
catalyst with excellent catalytic activities, showing a high NH; yield rate
(Ynw,) 0f 1454 g h™ mg™ and NH; purity of 100% (Figure 9b). Our
group further synthesized a GDY-based zerovalent Pd atomic catalyst
through a self-reduction strategy (Figure 9c).** DFT results revealed
that the obtained Pd%/GDY had a downhill energetic trend for NRR.
Experimental results demonstrated that the HER of Pd%/GDY was
e ectively suppressed and resulted in excellent NRR performances,
with the highest Yy, of 4.45 £ 0.30 mgyy, Mgeg * h™* compared to

reported catalysts (Figure 9d). ®N-isotope labeling experiments
confirmed 100% purity of produced NH,. Later, Duan and co-workers
reported a GDY-based zerovalent Rh and Ru atom catalyst for NRR in a
pressurized reaction system (Figure 9e—f), showinga NH 6yielding rate
of 7415 g h™t.cm™ and an FE of 20.36% at 55 atm.”® Fang et al.
reported a GDY-based Mn atom catalyst with highly dispersed Mn
atoms on GDY. The catalyst achieved a high Yy, 0f46.78 gh™'mg™

and faradaic e ciency (FE) of 39.83%.2% Zou et al. compared the NRR
catalyst performance of several low-valence single metal atoms on
GDY.'% In addition to GDY-based atom catalysts, Duan et al. showed
that CI-GDY could promote the absorption and reduction of nitrogen
and result in an e ective NRR (Figure 9g—h)."** A GDY-based
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