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ABSTRACT: Graphdiyne (GDY), a rising star of carbon
allotropes, features a two-dimensional all-carbon network with
the cohybridization of sp and sp> carbon atoms and represents a
trend and research direction in the development of carbon
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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 gf
Life science Electronics

devices, detectors, life sciences, etc. In the past ten years, the
fundamental scientific issues related to GDY have been under-
stood, showing differences 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.
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1. INTRODUCTION

Emerging carbon materials have become one of the frontier
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

and urgent to develop carbon materials with mixed hybrid states.

Scientists have long been concerned about the hybrid state of
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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. (1) 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). It is 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,lg’lg energy conversion materials,s’w_22 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 7 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 different 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,
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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 diffraction
(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

14311

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
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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—layer GDY. (1) 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 C,>~C,,* (benzene ring, 1.41 A), single C,:—
C,, (1.40 A), triple C;,—C,, (1.24 A), and single C,,—C,, (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 4, b, ¢, and 6 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 different 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.33
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 X 10° cm®* V™' s7! and a hole mobility of 2 X 10* cm®> V™' s7! at
room temperatures, respectively, indicating its excellent electron
transport properties.’”*”** Previous results also revealed that

https://doi.org/10.1021/acsnano.3c03849
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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 different 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 effectively 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 €V, respectively.43

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,e,£h,i) and corresponding selected-area electron diffraction
(SAED) patterns (Figure 2d,gj) 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
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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 different 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-effect mobility of 50.1 cm?
V™! 57! 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 usin§ a copper trichloro (CuCl;™) complex catalyst
(Figure 3i—j).** 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—1).*” Zhou
et al. also realized the synthesis of ultrathin GDY films using
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graphene (or hexagonal boron nitride) as the surface template.>’
Kong et al. employed a more efficient Cu(II)-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**
diffusion, 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 different 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.é8 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-
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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 %raphtetrayne (GTTY) via the Glaser
coupling (Figure Se—h).”” Wang et al. synthesized a crystalline
2D phosphine-graphdiyne (P-GDY) material (Figure 5i—1).*’
Experiment results revealed that the p—x conjugation of most
trivalent was insignificant, owing to the pyramidal configuration.
HRTEM and SEAD images in different crystal orientations
indicated the high crystallinity of the P-GDY (Figure Sm—p).
The lone pair electrons of the phosphorus atoms strongly

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 effect, 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 6gh),* Cu’/GDY (Figure
6i,j),84 Pt’/GDY (Figure 6k1),* and so on (e.g, Rh, Ru, Mn,

etc.).g(’_88

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
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that the Cu and Er atoms are anchored on GDY with the
structure of the model in Figure 6p.*"~"*

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 aqueous 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-
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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

14318

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 effectively 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.
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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 different reactions,>”*”'°"1%*

4.1. Ammonia Synthesis. The development of synthetic ammonia
chemistry is a great opportunity to promote the progress of human
society. Efficient 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 efficient NRR at room temperature and ambient pressure
(Figure 9a).®' HAADE-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
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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
(Ynp,) of 145.4 ug h™' mg™" and NHj purity of 100% (Figure 9b). Our
group further synthesized a GDY-based zerovalent Pd atomic catalyst
through a self-reduction strategy (Figure 9¢).”> 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
effectively suppressed and resulted in excellent NRR performances,
with the highest Yy, of 4.45 + 0.30 mgyy, mgp ' 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), showing a NH, grielding rate
of 74.15 pg h™.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, of 46.78 ug h™'mg™
and faradaic efficiency (FE) of 39.83%.%° 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 effective NRR (Figure 9g—h).104 A GDY-based
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heterostructure catalyst (GDY/Co,N; Figure 9i—j) was synthesized by
Li and co-workers to realize highly efficient ammonia production, giving
the highest Yy, and faradaic efficiency of 219.72 ug h™' mg™' and

58.60% in 0.1 M HCI electrolytes (Figure 9k—1).'">> As a 2D carbon
allotrope with an intrinsic band gap, graphdiyne has the advantages of
high carrier mobility, uneven surface charge distribution, and porous
structure for photocatalytic nitrogen fixation. Fang and co-workers
synthesized a GDY@]Janus magnetite catalyst for an efficient photo-
catalytic nitrogen reduction (Figure 9m—n).”> Their results showed
that GDY could effectively tune the morphology of the catalysts and the
valence state/coordination environment of Fe atoms, which provided
more active sites and modified the band gap of the catalytic material
(Figure 90). The controllable growth of different morphologies of Janus
magnetite (Fe-A and Fe-B) on graphdiyne exhibited a transformative
photocatalytic performance with the highest ammonia yield reaching
1916.06 ymol h™! g™* (Figure 9p). More recently, the GDY-supported
CoO, quantum dots reported by Li and co-workers achieved an
ultrahigh ammonia yield rate of 19583 ymol h™' g~!, which could be
attributed to the GDY-enhanced surface plasmon resonance property,
better than all reported catalysts (Figure 9q—r).'%°

Although the research of nitrogen fixation to ammonia via NRR has
made big progress during the past decades, the ammonia synthesis with
high yield rates to meet industrial requirements is still largely limited by
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the large kinetic barrier to break the stable N=N triple bond. An
alternative approach for ammonia production is to use nitrate as the
nitrogen source. The electroreduction of nitrate to ammonia could
effectively address environmental pollution and energy problems. Zhao
et al. reported a zeolitic imidazolate framework nanocubes (ZIFNC)@
GDY catalyst with a donor—bridge—acceptor interface for highly
efficient ammonia production by the in situ growth of a 2D graphdiyne
film on ZIENCs.'"’ sp-C—Co was changed by the interfacial structure,
significantly enhancing the nitrate reduction performance, with the
Yyp, of 0.40 + 0.02 mmol h™' cm™ and a high FE of 98.51 % 0.75%.

Another Fe;C@GDY electrocatalyst with a donor—acceptor structure
was reported to have high selectivity and activity for NH; production in
dilute nitrate electrolytes."*® Zheng et al. presented Cu’/GDYNA with
the highest Yy, of 15.45 mmol h™" ¢m™ and the maximal ammonia

faradaic efficiency of 81.25% at ambient temperatures.'” Ma et al.
synthesized the hybrid nanoarrays of Cu-MOFs@HSGDY, which could
decrease the nitrate concentration from 200 to 18.4 ppm with the
reduction reaction."'® Ni/Co-MOFs@HSGDY achieved an FE over
90% on both a wide pH and potential range.""

4.2. Carbon Dioxide Conversion. The accumulation of green-
house gas CO, in the atmosphere is the primary driver of the current
climate change. Converting CO, into fine chemical products is an
important method to overcome the greenhouse effect and achieve
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carbon neutrality. However, the CO,RR is limited by its complex
reaction pathways and slow reaction kinetics, resulting in low reactivity
and selectivity. Therefore, designing a type of catalyst with high
selectivity, activity, and stability is urgently required. Wang and co-
workers reported the synthesis of Cu SAs/GDY by in situ anchoring of
Cu atoms on graphdiyne for carbon oxide reduction to methane (Figure
10a).** HAADF-STEM images and XAFS spectra demonstrated that
the coordination Cu—C bond in Cu SAs/GDY was successfully
constructed via an assisted reduction process using sodium borohydride
(Figure 10b—c). Theoretical calculations and in situ Raman electro-
chemistry results indicated that the *OCHO intermediate in the
reaction path was beneficial for CH, generation. The Cu SAs/GDY
exhibited high methane selectivity (FE = 81%) at a high partial CH,
current density of 243 mA cm ™2 (Figure 10d—f). Duan, Zhang, and co-
workers further researched the carbon oxide reduction reaction

performance of GDY derivatives with anchored single Cu atoms
(Figure 10g—h).""* The XAFS results demonstrated that the functional
groups in the GDY derivatives successfully tuned the electronic
structure and chemical valence of a single Cu atom (Figure 10i—j).
Diffuse reflectance infrared Fourier transform spectra illustrated a peak
shift of the adsorbed CO molecules on Cu SAs/RGDY. Theoretical
calculations showed that the significant difference in the selectivity of
the CO,RR of Cu/RGDY could be attributed to the positive Cu centers
adjusted by the electron-withdrawing group. The methane faradaic
efficiency of Cu SAs/FGDY was 72.3% (Figure 10k—1). Wang and co-
workers reported a sp-N doped GDY metal-free catalyst for the high-
performance electroreduction of CO, to CH,.'"> Zhang and co-
workers synthesized CoPc/GDY/G via electrocatalytic van der Waals
interactions for high-selectivity CO, reduction to CO (Figure 11a).""*
HAADF-STEM images illustrated that cobalt phthalocyanine was
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anchored on a 2D graphdiyne/graphene conductive scaffold and
monodispersed (Figure 11b—c). The results of Raman and XAFS
spectra demonstrated that the coordination environment of Co was a
Co—N bond, illustrating the integrity of the phthalocyanine structure in
the catalyst (Figure 11d). The strong charge transfer between GDY and
CoPc, abundant reactive centers, and high electron conductivity
synergistically contributed to this excellent electrocatalytic perform-
ance (Figure 1le—g). Zhao et al. showed that the efficient charge
transfer between graphdiyne and C;N, promoted photogenerated
charge separation and transport, resulting in excellent CO,RR
performance.'" Similar carbon nitride sheets/ graphdigfne heteroge-
neous research was also reported by Wang et al.'' GDY based
heterostructure catalysts have also exhibited high photocatalytic
CO,RR performances. For instance, 2D GDY/Bi,WO; nanosheets
could promote light absorption and char%e separation, leading to
multielectron products (CH, and CH;0H).""” CdS/GDY with strong
interfacial-interaction-induced sulfur vacancies exhibited high activity
and selectivity for the photocatalytic CO, reduction to CO without a
sacrificial agent.'"® Xu et al. further demonstrated that directed electron
transfer between GDY and TiO, nanofibers enhanced CO, photo-
reduction efficiency.'” Lu et al. synthesized ultrathin Co-doped GDY
encapsulated CsPbBr; nanocrystals to achieve high CO,RR perform-
ance with the high CO vyield rate of 27.7 ymol g~ h™'."*°

CO, enables the storage of renewable electricity from intermittent
sources in a dense and versatile form, providing renewable carbon
feedstock for the chemical industry. In addition, the catalytic CO,
synthesis of other important chemical products, such as urea, is a
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potential route to fix carbon dioxide. Zhang et al. reported that Co-
NiO,@GDY efliciently reduced carbon dioxide and nitrite to synthesize
urea.'”® The recorded faradaic efficiency and yield rates of urea were as
high as 64.3% and 913.2 ug h™' mg™", respectively (Figure 11h). Co-
NiO,@GDY was synthesized by in situ growth of graphdiyne on Co—
Ni bimetallic oxide (Figure 11i—j). XPS spectra revealed a strong
incomplete charge-transfer phenomenon at the multiheterointerfaces
(Figure 11k). FTIR spectroscopy measurements showed that the
interface structures stabilized the absorption of the intermediates and
promoted direct C—N coupling (Figure 111—m). Another potentially
successful route involves the efficient cycloaddition of CO, to cyclic
carbonates. Li and co-workers developed an organic strategy for fixing
CO, in styrene oxide by Co®/GDY ACs.* The yield rate of production
reached 532 mmol mg™" h™" at 80 °C and normal pressure with nearly
100% conversion and current density of production (>2e~) of Cu SAs/
RGDY at —1.2 V.'"?

4.3. Hydrogen Energy Conversion. Water splitting with H, and
O, evolution is a promising approach to solve the current energy and
environmental crises. GDY-based catalysts exhibited excellent perform-
ance in previous studies. Guo and co-workers reported excellent
hydrogen evolution reaction (HER) activity and stability with a high
current density in a 0.1 M KOH electrolyte.'*" The catalyst GDY/
MoO; was synthesized by a hydrothermal method on a Cu foam
(Figure 12a—b). The strong chemical interaction and electron transfer
characterized by XPS and XANES measurements demonstrated that sp-
hybridized carbon atoms were involved in the C—O—Mo bonds. The
catalyst performance at a high current density was further investigated
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in an alkaline environment. As a result, GDY/MoO; achieved a 1 A
cm™ current density at an overpotential of 1.7 V (Figure 12c).
According to theoretical calculations, this excellent performance was
attributed to the increase in the type and number of active sites induced
by the C—O—Mo bands.

Recently, Li and co-workers designed a Rh/GDY catalyst with a high
electrocatalytic performance in heavy saline water electrolysis.”* The
Rh nanocrystals nucleated in situ and grew on the surface of GDY
during Rh*" reduction by HCOOH (Figure 12d—e). The low
coordination number of the Rh structure of Rh/GDY was revealed
by high-resolution HAADF-STEM images (Figure 12f—g). The XPS
results showed that the Rh nanocrystals were stabilized by the
formation of stable sp-C—Rh bonds. With the smallest overpotential of
65 mV, the current density could reach 1 A cm™ in simulated seawater
(Figure 12e,i). Similar to Rh/GDY, a noble metal electrocatalyst GDY-
Pd was synthesized by Li and co-workers for efficient HER. With in-situ
growth of a Pd(111) single crystal on the surface of GDY, the
electrocatalyst could reach 1 A cm™ at the overpotential of only 261
mV.'?? Two-layer heterostructure catalyst GDY/RuO,/GDY was
synthesized by Gao et al. for efficiency seawater electrolysis (Figure
12j)."** The sp-C—O—Rh interface in the sandwich structure provided
more active sites. The overall seawater splitting performance could
achieve 500 mA cm™ at only 1.52 V vs RHE (Figure 12k).

The in situ growth of metal nanoparticles on the surface of GDY to
provide more active sites for the HER has been a proven strategy for
preparing high-performance catalgfsts. Nb rarely reported for HERs was
reported by Li and co-workers.'** As the preparation routes show in
Figure 13a, bimetallic oxide nanoparticles composed of Nb and Rh were
synthesized on a GDY. Next, Nb,RhO, nanoparticles with a diameter of
approximately 2 nm were uniformly dispersed on a 3D graphdiyne
nanowall. Optimal HER activity was achieved at a Nb/Rh ratio of 0.23,
which demonstrated that selective in situ growth of metal atoms could
result in an asymmetric electron distribution and high catalytic activity
and stability (Figure 13b—c). Dai and co-workers reported the tunable
activity of graphdiyne on HER, which could be attributed to the
different interaction strength of metal ions and graphdiyne (Figure
13d—g)."* The construction of active sites is not exclusively provided
by the metal nanoparticles grown in situ on GDY. Modification of GDY
is another way to enhance HER performance. Zhang and co-workers
reported a physical clip;)ing strategy for reforming delocalized
electronic states of GDY.'*® After a period of plasma radiation under
an Ar atmosphere, the periodic interruption of Csp—Csp” bonds was
triggered (Figure 13h). The increase in the D band in the Raman
spectrum and the decrease in the sp-C occupation in the XPS spectrum
demonstrated disruption of the ordered structure in graphdiyne. The
long-range periodically ordered structure was not disrupted (Figure
13i). Therefore, after 120 s of plasma irradiation without destroying the
base structure, I-GDY with more defects and active sites exhibited the
best HER activity (Figure 13j). Dai and co-workers found that
nonprecious metal ions functionalized exfoliated GDY (EGD)
nanocomposites (EGD-M"") exhibited high and tunable catalytic
performance toward the HER and found that metal ions with stron§er
interactions with EGD could replace those with weaker interactions.'*®
The HER catalytic activity for EGD-M"" catalysts could be reversibly
tuned by reversible cycle coordination with anions of different
interaction strengths with EGD. This provides a convenient and facile
strategy for the design and synthesis of efficient catalysts of practical
significance.

The oxygen evolution reaction (OER) is another important half
reaction for water splitting. Li and co-workers reported that the
morphological and electronic structures of a Ni complex (CT) were
modulated by GDY. A Ni 2P XPS spectrum illustrated that the ratio of
Ni** in CTNS/GDY was greater than that in bulk CT."”” Electro-
chemical test results and theoretical calculations demonstrated that
modulation by GDY enhanced the OER performance and decreased
the reaction barrier. Huang et al. developed the cocoordinated
monomer to synthesize a 2D graphdiyne analog (Co-PDY) via the
Glaser-Hay coupling reaction. The Co center of the 4N-coordination in
the metalloporphyrin structure provided high OER activity."*® The
charge transfer of nonmetallic heteroatoms by GDY could also

effectively improve the OER activity. Wang and co-workers reported
an N,S-heteroelement-doped GDY metal-free catalyst via an improved
pyrolysis method. Compared with other N configurations, sp-N played
the most important role in enhancing the OER activity.'*” In addition,
N,S-codoped GDY presented excellent OER performance, which was
better than that of most reported metal-free catalysts. The in situ
growth of metal oxide nanoparticles on graphdiyne heterojunction
catalysts also resulted in excellent performance of the nanoparticles.
Recently, Li and co-workers synthesized a highly uniform size
distribution of IrO, on GDY. The experimental results showed that
the Ir valence state of the small IrO, nanoparticles (diameter of
approximately 1.5 nm) decreased, which was attributed to charge
transfer in GDY. In the acidic electrolyzer, IrO,QD/GDY showed the
best OER activity, with the smallest overpotential of 236 mV at 10 mA
cm™2, which could be attributed to the strong interactions between
GDY and IrO,QD."° Recently, Qi et al. synthesized heterogeneous
MnCo,0,/GDY arrays with a nanowire structure. The special core/
shell-nanowire structure and the synergistic interaction between
MnCo,0, and GDY improved the electrical conductivity, promoted
mass/ion transport and gas emission, and exposed more active sites,
which led to an improvement in the catalytic activity and long-term
stability of the electrocatalysts. The alkaline water electrolyzer
assembled using NW-MnCo,0,/GDY showed high performance,
requiring only 1.47 to reach a current density of 10 mA cm™"*" Li and
co-workers reported ultrathin GDY-wrapped iron carbonate hydroxide
nanosheets for efficient water splitting. The electrocatalyst could drive
10 mA cm ™2 at 1.49 V."** Yu et al. coated ultrathin graphdiyne layers on
NiO nanocubes, which exhibited excellent overall water splitting
performance."*® Further, Chen et al. reported the FFOOH@GDY with
excellent overall water splitting. The cell voltages reached only 1.43 V at
10 111131} cm™, which had no significant decrease after an over 400 h
test.

The photocatalytic water-splitting system involves three sequential
steps: (i) absorption of photons with energies higher than the band gap
of the photocatalysts to excavate electron—hole pairs, (ii) charge
separation and transport of photoexcited carriers, and (iii) surface
hydrogen and oxygen evolution reactions based on the catalysts. The
water-splitting catalytic performance of graphdiyne-based photo-
catalysts is usually improved by two strategies: tuning the electronic
band gap to enhance photon absorption and increasing charge
separation and transfer rates.">'* Li et al. reported an H-GDY/TiO,
heterojunction catalyst, which achieved a high photocatalytic hydrogen
generation (6200 gmol h™ g™!)."* After the H substitution, the narrow
electronic band gap of the GDY was tuned to 2.5 eV. A suitable band
alignment between H-GDY and TiO, efliciently promoted the
absorption of photons and photogenerated carriers. Zhang et al.
synthesized a MoS,-CdS/GDY photocatalyst, and the hydrogen
production rate could reach 17.99 mmol g=' h™."*” One-dimensional
MoS, tips effectively promoted charge separation. The in situ growth of
2D GDY nanosheets on the surface of MoS,-CdS nanodumbbells
attracted photoelectron and hole transport outward, resulting in a high
photocatalytic reaction rate and resistance to photocorrosion. Wang et
al. reported the GDY@C;N, synthesized by a deprotection-free
approach. The photocatalytic hydrogen yield of GDY@C;N, was
15.6-fold of that of pristine C;N,."** Mao and co-workers reported an
Ag;PO,/GDY-based Pickering emulsion for water photooxidation and
photodegradation of methylene blue.”*” As an electron acceptor,
graphdiyne transported photogenerated electrons from Ag;PO,,
promoting water oxidation on the Ag;POy, active sites. In the system
with a sensitizer and a sacrificial reagent, Jin and co-workers synthesized
the CuBr-assisted graphdiyne p—n heterojunction photocatalyst, which
significantly increased the transfer rate of electron—hole pairs and
enhanced the photogeneration of hydrogen.'** Shen et al. designed and
prepared a dehydrobenzoannulene-based three-dimensional graph-
diyne using Pt nanoparticles as the cocatalyst. The fiber-like structure
exhibited an apparent quantum efficiency of 4.68%."*'

Compared with electrocatalysis, photoelectrocatalytic water splitting
could reduce energy consumption and environmental pollution
attributed to photogenerated electrons. Regarding solar energy
utilization, high reaction rates and yields are more relevant for practical
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applications than photocatalysis. Du et al. reported a uniformly
distributed OsO,, QD/GDY catalyst for photoinduced electrocatalysis
(Figure 14a)."** Graphdiyne induced charge transfer in the OsO, QDs
GDY, resulting in a lattice distortion and high-coordination of the Os
(Figure 14b—d). XPS and XANEs spectra of Os showed that the
proportion of the Os*" in the OsO, QDs GDY was higher than that in
the OsO,/CC (Figure 14e—f). Owing to the excellent photogenerated
charge and hole transport capacity of graphdiyne, the photo-
electrocatalytic performance of the catalyst was significantly enhanced
with the illumination of the electrodes (Figure 14g—h). Zhang and co-
workers fabricated an encapsulation strategy for efficiency photo-
electrocatalysis water splitting (Figure 14i)."" Cu,0 quantum dot
active sites were in situ prepared on the HSGDY during the
encapsulation of Cu,0 NWs (Figure 14j—1). With a high photocurrent
density of 12.88 mA cm™2 the HSGDY@Cu,O exhibited an impressive
hydrogen yield of 218.2 + 11.3 pmol h™ cm™ (Figure 14m—p).
Recently, Li and co-workers synthesized the structure of sp-C—Mo/O
bonds in the GDY@MoO, catalysts.'** The high photoelectrocatalytic
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activity over a wide pH range (0—14) could be attributed to the mixed
valence of Mo and fast charge-transfer process in GDY@MoO,. Wu and
co-workers fabricated ultrathin CoAl-LDH (CO;~) nanosheets on
superhydrophilic graphdiyne for highly efficient water oxidation."**
After plasma treatment, the hydrophilicity of graphdiyne was improved,
and electron transportation at the interface was enhanced. Regardless of
the growth of CoAl-'LDH (CO;~) nanosheets for electrocatalysis or the
fabrication of a heterojunction material with BiVO, for photo-
electrocatalysis, the superhydrophilic graphdiyne catalyst exhibited
excellent performance.

4.4. Other Catalytic Reactions. The oxygen reduction reaction
was the fundamental half-reaction in a fuel cell. Platinum and other
noble metal catalysts exhibited the best performance in the ORR
reaction in the reported literature but were limited by the insufficient
resources and the high cost in the commercial mass market of fuel cells.
GDY-based catalysts as a two-dimensional carbon material provided a
route for a high-performance oxygen reduction reaction. Li and co-
workers reported the metal-free catalyst- sp-N-doped graphdiyne with
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the special form of nitrogen doping moieties.'*® The ultrathin
nanosheets with a negative surface of FLGDYO were prepared from
BGDY through a solution-based chemical oxidation exfoliation method
(Figure 15a,b). XPS spectra and XAFS spectra revealed that sp-N atoms
were the main doped components in the NFLGDY catalyst (Figure
15¢,d). In polarization curves, the NFLGDY-900c catalyst exhibited a
similar current density to the Pt/C electrolyte (Figure 15e). And the
excellent performance of the metal-free catalyst could be attributed to
the beneficial effect for O, absorption and reduction at the sp-N sites
(Figure 15f). The good stability and methanol resistance in both
alkaline and acidic solutions (Figure 15¢) could broaden the scope of
the application. Recently, Li et al. reported the other anchoring sites of
the Fe-N-GDY catalyst for a high efficiency oxygen reduction reaction
(Figure 15h)."*” Experimental results revealed that the chemical
environment of iron atoms was regulated by the coordination sp-C and
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sp-N in the N-doping graphdiyne (Figure 15i—1). Theoretical
calculation results demonstrated that the Fe active sites optimized
the O, absorption energy and accelerated the oxygen reduction reaction
kinetics. As shown in Figure 15m—n, Fe-N-GDY which exhibited the
excellent performance of the ORR was successfully applied in a zinc-air
battery with high power density. Xu and co-workers synthesized the F-
doped y-graphyne/PtPd nanocomposite for the efficient oxygen
reduction. The doped fluorine atoms changed the electron environ-
ment and the charge distribution of y-GY, improving the catalyst
activity of the PtPd nanocomposite."**

As another important half reaction, the performance of the anode
oxide reaction determined the cell voltage, output power, and stability
of fuel cells. Li and co-workers reported the PtClL,Au(111)/GDY
catalyst which has shown high mass activity and stability for methanol
oxidation reactions.'*’ The catalyst was synthesized by epitaxial growth
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Figure 16. Small molecule conversion. (a) Schematic illustration of the synthesis route of GDY@Pd/mSiO,. (b) SEM image of GDY@Pd/
mSi0,. (c) Interaction model of Pd/GDY. (d) Pd 4d orbital distribution and the d-band centers of samples. (e) The conversion of benzaldehyde
on various catalysts. Reproduced with permission from ref 151. Copyright 2022, Wiley-VCH. (f) Schematic diagram of the Pd,/GDY/G
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of gold quantum dots on platinum chlorine species on graphdiyne. Both
structure characterizations and theoretical calculations revealed that the
excellent catalytic performance could be attributed to the chlorine
introduced to modify the d-band structure of Pt and suppression of the
CO poisoning pathway of the MOR. The mass activity of this catalyst
could reach 175.64 A mg ™" for methanol oxidation reactions and 165.35
A mg™! for ethanol oxidation reactions. Further, Hui et al. synthesized
the zerovalent platinum atomic catalyst (Pt/NGDY) for MOR.** The
synergistic contributions of different Pt sites promoted the electron
transfer to intermediates in MOR. Li and co-workers synthesized single
nickel atom alloyed platinum nanocrystals on graphdiyne. Visualization
of structure and content of valence states changed by the composition
tunability brought high mass activity and current density in MOR."*°
Yu et al. demonstrated an important role of GDY as a wettability
modifier for enhancing hydrogenation catalysis.'”' After a certain
amount of GDY nanospheres were loaded, the silica mesoporous
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channels became superhydrophilic, which allowed gaseous H, to be
stored directly inside (Figure 16a,b). XPS results illustrated that GDY
nanospheres could change the electronic structure of the Pd
nanoparticles by strong d-z interactions (Figure 16c,d). The hydro-
genation was impressively improved by a 4.3-fold improvement
compared with the Pd/silica catalyst (Figure 16e). Li et al. synthesized
palladium SACs anchored in an elaborate graphene/graphene
heterojunction (Pd1/GDY/G) (Figure 16f—h).152 Pd1/GDY/G
exhibited high catalytic performance for the reduction reaction of 4-
nitrophenol. Theoretical calculations indicated that graphene in the
GDY/G heterostructure played a key role in improving the catalytic
performance due to the electron transfer process, which arises from the
gap between the Fermi level of graphene and the conduction band
minimum of GDY/G and the gap between the conduction band
minima of GDY (Figure 16i—k). Yang et al. also reported the
subnanometric Pd/GDY catalysts for efficiency reduction of nitro-
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arenes. The deposition and stabilization by graphdiyne improved the
activity and stability of electrocatalyst.'>®

GDY-based catalysts can also realize the efficient conversion of small
molecules. Yu et al. reported a Cu(I)-catalyzed azide—alkyne
cycloaddition reaction by Cu,0 NCs/GDY (Figure 17a).'** The
charge transfer at the interface stabilized Cu(I) species and optimized
adsorption energy for reactants/intermediates (Figure 17b—d),
resulting in high performance for a broad scope of substituted
acetylenes (Figure 17e—f). Guo and co-workers fabricated the
subnanocluster CuO/graphdiyne for an efficient CO oxide (Figure
17g—h).">® XFAS results demonstrated that the adjacent sp-hybridized
C bonds to Cu sites at the interface, which was the key structure that
effectively regulated the O, activation process (Figure 17i—j). The
prepared subnanocluster CuO/graphdiyne catalysts exhibited the
highest CO oxidation activity, converting 50% of CO at around 133
°C (Figure 17k). In situ FTIR spectroscopy and DFT results showed
that adjacent sp-hybridized C was more favorable to facilitate the rapid
dissociation of carbonate without overcoming any energy barrier
(Figure 171). Further, Gu et al. reported hemin molecules anchored
uniformly on GDY with single site configuration, delivering a O*~
production rate of 35.7 and 2.3 times than that of respective hemin and
hemin/graphene.'*® Qi and co-workers demonstrated the preparation
of boron-doped and ketonic carbonyl (—C=O0) group-enriched
graphdiyne with enhanced peroxidase-like activity.'”” SGDY nano-
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sheets with piezoelectrically enhanced enzyme-mimicking activity were
synthesized by Zhu et al. and co-workers. The incorporation of sulfur
minimized the band gap, improved the charge distribution of the SGDY
network, and increased the density of active sites, which resulted in
significant peroxidase-like activity.*® Liu et al. reported the Au SAs
anchored on amino-substituted graphdiyne for efficient formic acid
dehydrogenation (Figure 17m—n)."*” After 5 h of catalyst reaction by
Au/GDY-NH,, the conversion of formic acid could reach over 99%
(Figure 170). Mao and co-workers fabricated the selective electro-
catalysis by interfacing redox-active methylene green and graphdiyne.
The oxidation of NADH was efficiently accelerated at low over-
potentials by rapid self-exchange of interlayer MG dimers, while AA
oxidation relied on the hindering of direct electron tunneling by
GDy 160161

5. GRAPHDIYNE-BASED ENERGY STORAGE AND
CONVERSION MATERIALS

5.1. Lithium lon and Other Alkali Metals lon Battery. GDY has
been demonstrated to be an ideal material for metal batteries with a
theoretical capacity of 744 mAh g™' and multilayer theoretical capacity
up to 1117 mAh g~' (1589 mAh cm™). Besides, the structure of GDY is
more conducive to the in-plane and out-of-plane diffusion and
transmission of lithium ions, thus leading to a very good multiplier
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ACS Nano 2023, 17, 14309—-14346


https://pubs.acs.org/doi/10.1021/acsnano.3c03849?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03849?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03849?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03849?fig=fig17&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c03849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Review

(2. sv

e

Graphdiyne

|
Copper & Oxygen vacancies

Glaser-Hay Alkyne-alkene complex

800
J = @ CuggsV,05 » CuvO@GDY-1
= 60043005 @ CuVO@GDY-3 @ CuVO@GDY 0.05
< 0.1 » CuvVO@GDY-10 2009
5400 &;‘% ‘2&. 0.5 >
"z:‘é e, % 5 Ag’ PRy
2 - 52 3
@ 2004 mw 'N.M 10
o & 2003 S 20
oJ -
10 20 30 40 50

Cycle number

b

Specific capacity (mAh

1200 1500 2100 2400 2700 3 2 1 O
e Raman shife (cm”') Voltage (V)

O
\.9“‘ 12 2,
400

e s00d00
7

<y

12000
20000
25000

‘Coulombic efficiency (%)

100,/

Capacity (mAhg")

Cycle number:

0 10

BP
Ny W0y
Ihis work

20 30 40
Cycle number

50 60 I DRS-LLY.0,

MO-CP/Graphite
[ ~oonT

1 Li* and electrolyte

Discharge PURP— .
Li* intercalation . eX

Gradient GDY

¢E |

o A 100 £
7 g
400 95 &
10Ag Cug gsV,05 2
@ Cuvo@GDY to0 o
200+ £
L85 S
=2
o
(&)
o} v T 80
0 4000 8000 12000 16000 20000

Cycle number
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intercalation. (j) Rate performance of samples. (k) Cycling performance of samples. Reproduced with permission from ref 177. Copyright 2022,

Wiley-VCH.

performance.' "> The high efficiency lithium storage performance of

graphdiyne was achieved through the Li-ion interlayer insertion/
extraction and surface absorption/desorption methods.'”* Jang et al.
calculated that the practical specific capacities of Li-intercalated
multilayer graphdiyne could reach up to 2719 mAh g~'.'”* Based on
the special properties of GDY, we put forward the concept of “alkyne-
alkene transition”, especially in the aspect of lithium fast charge, to
change the traditional mechanism of lithium fast charge and establish a
special mode of lithium fast charge. Our group reported the self-
expandmg lithium-ion transport channels for fast-charging LIBs (Figure
18a)."7® Experimental results indicated that Li* reversible binding with
the acetylenic bond in graphdiyne led to the transition between the
alkyne-alkene complexes (Figure 18b—c). Theoretical calculation
revealed the size expansion of the covalent bond network and the
pores after lithium was embedded at the anode. Li ions interacted with
the alkyne bonds of the GDY to form an alkyne-alkene complex
structure. The deformation of the GDY-electrode sheet toward the
positive electrode side can be observed in Figure 18d. The excellent
lithium transport and storage mechanism endows high capacity and
good capacity retention under fast-charging conditions (Figure 18e—f).
More recently the Cug4sV,0;@GDY anodes with a large abundance of
GDY induced Cu/O vacancies fabricated for fast-charging batteries was
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reported by our group (Figure 18g).'"”® HAADF-STEM images
demonstrated the absence of Cu atoms in CugyyV,O5 after in situ
growth of gradient graphdiyne. The strong interaction at the
heterointerface was determined by XPS depth profiling (Figure 18h—
i). The enlarged Li storage sites and improved ion transport kinetics
were accomplished by the Cu/O vacancies. In 10 A g™ large current
fast charging, the specific capacity of the full cell could reach 132 mAh
g~' (Figure 18j—k).

In order to gain in-depth understanding of the structural evolution
and reaction mechanism of the electrode/electrolyte interface during
cycles, Wan and co-workers studied the evolution of the solid
electrolyte interphase (SEI) and lithium deposition on GDY and
NGDY electrodes by the in situ optical microscopy and atomic force
microscopy (Figure 19a).'>® Experiment results revealed that the SEI
layer on N-doped graphdiyne grew in a spherical NP shape rather than a
flocculent-like manner (Figure 19b—d). These results could be
attributed to the uniformized Li deposition and stabilized interfaces
affected by the N-doped sites, promoting homogeneous SEI evolution
(Figure 19e—f). Another key strategy for enhancing the security of LIBs
is to inhibit the growth of lithium dendrites. Zuo et al. reported the
spontaneously splitting copper nanowires into quantum dots (CuQDs)
on GDY for suppressing lithium dendrites by in situ growth of GDY on

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


https://pubs.acs.org/doi/10.1021/acsnano.3c03849?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03849?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03849?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03849?fig=fig18&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c03849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WWWw.acsnano.org
Optical Stainless
a window steel shell b

Reflective

GDY/N-GDY
layer: Au

electrodes

Cu-Catalyzed
Cross-Coupling

pSSSSSS
"\ HEB

Cu foi
Scalable coating process

3D all-carbon network

?

C 0.01%8 f

00

Flocculent-like

Height (nm)
g
“
% o

400 600 800
nm

p wo#

$0&

e CuQD@GDY
v Cu Foil

20 120 150 18(C

=3
=
N
o

20 10 6 210.60.20.1

g
g

L-3
e
Coulombic Efficency (%)

« PTCOA@GDY 10C
« PTCDA@GDY 5C
« PTCDAQ.SC

@
e

Specific Capacity mAhg! )
e
=

&
-3

0 20 40 60 80 100 120 140 160 50 100 150 200 250 300
Specific Capacity (mAhg* ) Cycle Number

Figure 19. Graphdiyne protection electrodes. (a) Schematic diagram of in situ electrochemical OM setup and the process of Li deposition. (b—
d) Part of in situ OM images of graphdiyne electrode in the charging process. (¢) AFM images of GDY electrode at different potentials. (f)
Height section profiles in (e). Reproduced with permission from ref 183. Copyright 2022, American Chemical Society. (g) Schematic
illustrations of in situ growth of GDY on Cu nanowires. (h) Variations of Coulombic efficiency during the long-term testing. (i) Schematic
process of in situ growth of GDY nanocoat. (j) charge/discharge polarization curves of PTCDA@GDY. (k) Long-term cycling performance of
samples. Reproduced with permission from ref 182. Copyright 2020, Wiley-VCH.

the surface of Cu nanowire (Figure 19g).178 The nanosized Cu
distributed on GDY efficiently inhibited the nonuniform nucleation and
dendric growth of metallic Li, thus efficiently suppressing the Li
dendrites and enhancing the overall performances (Figure 19h). Wang
et al. reported chlorine-substituted GDY with more transfer tunnels for
Li ion transfer. The highly distributed substitutional chlorine atoms
could synergistically stabilize the Li intercalated in the CI-GDY
framework and thus generate more storage Li sites.'”® Moreover,
Huang and co-workers reported the use of fluoride-GDY as a free-
stranding electrode could achieve high reversible capacity (1700 mAh
g™") and extreme cycle performance, which could be attributed to the
reversible transition from C—F covalent bonds to ionic bonds.'*
Owing to the high affinity with lithium, GDY presents a promising
capability for stabilizing Li metal anodes."®" Qi and co-workers showed
that the vertically aligned GDY allowed for dendrite-free, columnar
deposition of lithium for Li metal batteries with high safety and high
energy density. In addition to the protection of the electrodes,
graphdiyne could also be an all-carbon protective layer for electrolytes.
‘Wang et al. reported a universal strategy for protecting the metal oxides
from irreversible changes.”” The high-quality graphdiyne nanosheet
was synthesized on the surface of metal oxides with different

dimensions and morphology. Experimental results and theoretical
findings indicated that the GDY protection layer holds incomparable
promises for stabilizing the structure and interface of the electrode. The
graphdiyne grotection strategy was still effective in cathode
materials."”*'%* Catalyzed by Cu substrate, GDY was seamlessly coated
on the organic cathode materials, forming a three-dimensional network
(Figure 19i), resulting in an excellent long-term stability for the organic
cathodes (Figure 19j—k).

Lithium—sulfur batteries have a higher theoretical energy density
(reach 2600 W h kg™') than current Li-ion batteries. But the shuttle
effect of polysulfides seriously limited its development and application.
Wang et al. fabricated a Nafion@GDY core—shell hollow structure to
store sulfur and offer active epicenters.'** The S elemental distribution
mappings revealed that sulfur had infiltrated uniformly into the
Nafion@GDY network. In situ Raman spectra and theoretical
simulation demonstrated that Nafion could increase the retention
time of polysulfide and restrain the polysulfide migrates, resulting in
excellent long-term stability. Li and co-workers fabricated a graphdiyne-
like porous organic framework as sulfur conversion cathodes.'®> The
reversible short sulfur chains generated abundant acetylenic bonds in
nanochannels. These strategies showed that the GDY-based cathode
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could prevent the shuttle effect before the polysulfide migrate. Further,
Zhang et al. reported that the rechargeable Li-CO, batteries with the
metal-free GDY as cathode could reach 18416 mAh g™, and a full Li-
CO, battery achieved the excellent energy density of 165.5 Wh kg™.."%
Graphdiyne was reported as the sodium ion batteries substrate
interconnected with molybdenum disulfide by Huang, Zhang and co-
workers."®” Graphdiyne improved the ion diffusion and electron
transfer rate, with a discharge capacity reaching 328 mAh g™ at 1A g™".
Li and co-workers reported that the BGDY has high reversible capacity
with 180 mAh g™' even after 4000 cycles."®® Yang and co-workers
reported the yolk—shell structure of Sb@Void@GDY nanoboxes with
good long-term stability of 500 cycles at 1A g~'."*’

Restricted by the larger radius of potassium ions, potassium-ion
batteries (KIBs) were hampered by the slow diffusion rate, huge volume
expansion, and unstable interface. Graphdiyne frameworks were a
perfect potassium storage and transfer structure. Yi et al. reported the
graphdiyne framework exhibited high performance as the KIB
anode.'” The specific capacity was achieved at 505 mAh g™" at 50
mA g™, In situ Raman spectroscopy and XPS measurements confirmed
good reversibility with a capacity retention of 90% after 2000 cycles.
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Zhang, Sun, and co-workers reported the NC@GDY decorated with Cu
quantum dots for dendrite-free potassium anodes.'”’ The NC@GDY
synthesized by in situ growth of graphdiyne on NC polyhedrons was
directly coated on Al foil for the anode material. Experimental results
and theoretical calculations revealed potassium ions uniformly
embedded into NC@GDY without potassium dendrite generation,
which could be attributed to the high potassiophilic. As a result, the
symmetric cell exhibited a long cycle stability of 850 h at the 80% depth
discharge. He et al. reported fluoride-doped graphdiyne delivered the
high reversible capacity of 320 mAh g™' at a current density of 50 mA
g L' Large ion diffusion channels in F-GDY promoted K atom
diffusion and storage on F substitution sites. Zhang, Sun, and co-
workers synthesized the graphdiyne/graphene/graphdiyne sandwiched
carbonaceous throughout a van der Waals strategy for high perform-
ance anodes."”” The reversible capacity of a full cell could reach 151 mA
g at 200 mA g~1./9¥190%7

5.2. Zinc lon Battery. Rechargeable Zn-ion batteries have been
hampered by poor capacity, rate performance, and dendrites, resulting
from irreversibly discharged species. Designing materials and structures
to improve the performance of rechargeable Zn-MnO, aqueous cells
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Figure 21. Solar cell. (a) Schema of all-small-molecule organic solar cells. (b) Schematic diagram of device structure. (c) Chemical structure of
donor. (d) GIXD diffraction of samples. (e) J—V curves of samples. (f) Summary of the PCE for the reported ASM OSCs. Reproduced with
permission from ref 199. Copyright 2022, Elsevier. (g) WF and valence band for SnO, and GDY-SnO, ETLs measured by UPS. (h) Energy band
alignment for SnO, and GDY-SnO,. (i) Time-resolved PL spectra. (j) Dark J—V curves of electron-only devices. (k) J—V curves of PSCs based
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has received extensive attention. Li et al. reported graphdiyne oxide
membranes endowed Zn-MnO, cells with high capacity, hi§h-rate
performance capability, and long-term stability (Figure 20a)."”* The
GDYO membrane ensured good ion transport and allowed us to
maintain reversible stripping/plating of Zn ions, with the benefit of
stablizing the electrodes. The specific capacity of the modified cell
reached up to 300 mA h g™ at a current density of 308 mA g~' (Figure
20b—c). Fan, Zhi, and co-workers reported the hydrogen-substituted
graphdiyne (HsGDY) materials could effectively inhibit zinc dendrites
formation.'* Simulation results revealed that the Zn>* concentration
field was redistributed by HsGDY, improving electrode demonstrated
lifespans of >2400 h. Further, Yang et al. reported the N-modified
graphdiyne could stabilize the interface pH by mediating hydrated zinc
ion desolvation.'”® NGDY interface was synthesized on cellulose (CS)
by triacetylenyl-based triazine monomer coupling (Figure 20d). The
efficient desolvation ensures that electron directly transfers from the
substrate to Zn>" which avoided the formation of an alkaline zincate,
resulting in high long-term stability (Figure 20e—g). Based on the in
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situ anchoring-nucleation growth of metal atoms on GDY, Luan et al.
reported the evolution process of zinc-ion plating and deintercalating
on the graphdiyne to explore the reasons for excellent stability (Figure
20h—i).”” The growth of Zn single atom, nanoclusters, and nanoflats
was induced by the uniformly dispersing and stably anchoring of
graphdiyne. Further, N-doped graphdiyne was fabricated as the metal-
free catalyst for Zn-air batteries by Huang and co-workers."”” The
pyridinic N active sites showed a higher catalytic performance than Pt/
C or IrO,. And the aqueous/solid state Zn-air batteries achieved a high
open circuit voltage of 1.54 V.

5.3. Solar Cells and Fuel Cells. Li and co-workers reported
chlorine-functionalized graphdiyne (GCl) applied as a multifunctional
solid additive.'”® The addition of graphdiyne improved the efficiency
and reproducibility of the device. The increase in mobility and the
decrease in charge recombination synergistically could explain the
increase in the levels of J . and FF after the introduction of GCl in the
hybrid films. A record high efficiency of the control device was achieved
at 17.3% compared to the certified efficiency of 17.1% obtaining an
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Figure 22. Cancer therapy. (a) Schematic diagram of dispersion kinetics of GO and GDYO in culture media. (b) Heatmap of GDYO-interacted
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with permission from ref 208. Copyright 2020, Wiley-VCH.

increase in short-circuit current and fill factor, which demonstrated the
state-of-the-art binary organic solar cell. Besides, the addition of
nonvolatile property GCI reduced the batch-to-batch variability and
facilitated large-scale production. Recently, Sun et al. fabricated an all-
small molecule organic solar cell by methoxy-substituted graphdiyne to
gain a 17.18% efficiency and 77.31% fill factor (Figure 21a—f)."”” Zhang
et al. reported graphdiyne doped SnO, layer has 4-fold improved
electron mobility and more facilitated band alignment (Figure 21g).>*
Electron extraction rate optimization and interfacial engineering were
incorporated to maximize the match between SnO, and perovskite by
optimizing electron extraction rates and interfacial engineering formed
C—O bonds and more band alignment (Figure 21h). Enhanced
hydrophobicity enhancement inhibited the nucleation of heteroge-
neous perovskites, which could contribute to the formation of high-
quality films with reduced grain boundaries, lower defect density
boundaries, and lower defect density (Figure 21i—1). Meng and co-
workers reported a 20.54% power conversion efficiency by constructing
the perovskite/graphdiyne bulk heterojunction.”®" And pyridinic
nitrogen doped graphdiyne exhibited a excellent performance in hybrid
perovskite reported by Zhang and co-workers.>”> At present,
benchmarked proton exchange membrane-Nafion membranes have
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high proton conductivity and stability but are hampered by serious
methanol permeability and utilization efficiency of methanol. GDY
membranes possessed intrinsic potential to achieve superior proton
conduction while efficiently suppressing methanol crossover. Wang et
al. reported the NH,-graphdiyne membrane could realize high
selectivity between the proton and methanol.>?> The large area film
with high integrity ensured the regular channel and uniform
distribution of the aminated sites. The NH,-GDY film efficiently
inhibited 38% methanol crossover. And the cell assembled with NH,-
GDY exhibited higher power density and long-term stability. Recently,
Li and co-workers fabricated an independent anode array of GDY@
PtCu.”** Anchored with Pt,,Cu alloy nanoparticles, the graphdiyne
nanochannel exhibited excellent catalyst performance in methanol
oxide and the intrinsic selectivity of methanol permeation. Theoretical
simulation demonstrated methanol diffusion and oxide in the ordered
structure, resulting in maintaining initial 81% power density after 500 h
long-term operation.
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6. OTHER APPLICATIONS OF GRAPHDIYNE-BASED
MATERIALS

6.1. Biochemical Application. GDY-based materials have
demonstrated a wide range of applications in biomedicine and
biosensing owing to outstanding conductivity, large surface area, high
flexibility, natural band gap, and biocompatibility. The recent advances
in GDY-based nanomaterials, along with their characteristics and useful
applications in the biomedical field, will be discussed. Wang et al.
reported that GDYO had an efficient antileukemic effect on the
DNMT3A mutated AML with cell adhesion-related genes.”®
Experimental results demonstrated that highly hydrophilic GDYO
could interact with integrin 2 (ITGB2) and c-type mannose receptor
(MRC2) to increase cellular absorption (Figure 22a—b). Afterward,
GDYO inhibited G-actin polymerization, damaged the actin
cytoskeleton, and finally induced apoptosis of AML cells (Figure
22c—d). Mouse experiments illustrated survival of white blood cells
while killing leukemic cells. which demonstrated the safety and
therapeutic potential of GDYO (Figure 22e—f). Guo reported that
the efficacy of cancer immunotherapy was enhanced via GDYO
treatment.”"® After the injection of GDYO, the tumor growth in the
melanoma-bearing model was slowed down. The research results
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revealed that GDYO nanosheets could re-educate the immunosup-
pressive cells by triggering the pro-inflammatory pathway and activating
cytotoxic T cells. Qian and co-workers further demonstrated the
antimacrophage effect of GDYO on lymphoma.**” GDYO treatment
significantly kills cancer stem cells, remodels the immunosuppressive
tumor microenvironment simultaneously, and inhibits lymphoma
growth ultimately. GDYO was also used by Min et al. to treat tumors
photothermally through the Fenton reaction (Figure 22g).>* The heat
generated during PTT could accelerate the release of ions from tumor-
targeted iron sponge (TTIS; Figure 22h) nanocomposite with
simultaneous enhancement of the efficiency of the Fenton reaction,
thus achieving combined PTT and Fenton Response-mediated cancer
therapy (Figure 22i—1). Zhang et al. reported a metal-free BN-GDY
ferroptosis-apoptosis inducer by efficient glutathione (GSH) deple-
tion.””” BN-GDY exhibited high catalytic activity for hydrogen peroxide
decomposition, resulting in inhibiting colorectal cancer cell prolifer-
ation. Targeting the radiation source of cancer, Xie et al. synthesized the
bovine serum albumin modified graphdiyne nanoparticles (GDY-BSA
NPs) for a gastrointestinal radioprotector.”'® GDY-BSA NPs with a
high free radical scavenging ability could consume the intracellular ROS
generated by radiolysis and reduce mitochondrial membrane damage.
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Figure 24. Biosensor. (a) Schematic diagram of GD-based multiplexed DNA detection. (b) Fluorescence spectra of HIN1/FAM ssDNA. (c)
Fluorescence spectra of the dye-labeled ssDNA. Reproduced with permission from ref 213. Copyright 2017, Wiley-VCH. Schematic illustration
of flexible optical synapses (d) and Pyr-GDY/Gr/PbS-QD heterostructure (e). (f) Energy band alignment for the Pyr-GDY/Gr/PbS
heterostructure. (g) APSC index fluctuation as a function of tensile strength. (h) Cyclic LTP/LTD curves of the device. (i) XOR logic function
realized by using 980 and 450 nm optical pulses. Reproduced with permission from ref 215. Copyright 2021, American Chemical Society. (j)
Schematic illustration of GASs. (k) I-V curves for Li-GAS and Na-GAS. (1) I-V curves of Li-GAS measured after heat and humidity treatment.
(m) Current value of the devices after treatment in different environments. Reproduced with permission under a Creative Commons CC-BY

License from ref 217. Copyright 2021, Springer Nature.

The GDY-modified TiO, nanofibers have been reported to prevent
implant infection through photocatalyst generated radical oxygen
species (Figure 23a).”"" Cells on TiO,/GDY nanofibers tended to
aggregate and adhere due to the superior biocompatibility of GDY
(Figure 23b). More bacterial death occurred as a result of prolonged
radical oxygen species (ROS) produced under UV irradiation as free
electrons and holes transferred from TiO, to graphdiyne (Figure 23c—
d). Besides, experimental results demonstrated that the bone tissue
regeneration was promoted by TiO,/GDY nanofiber (Figure 23e—f).
ROS-dependent oxidation stress was also achieved by using GDYO as
the antibacterial agent, which has superior antibacterial capability
compared with graphdiyne.*">

Few-layer GDY nanosheets were recently successfully used for DNA
detection (Figure 24a),”"? showing distinguished fluorescence
quenching ability and different affinities toward single-stranded DNA
and double-stranded DNA (Figure 24b—c). Further, Hou et al
fabricated a biosensing platform based on graphdiyne to detect
microRNA.>%%14 Zhang and co-workers reported the graphdiyne/
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graphene/PbS quantum dot heterostructure-based to emulate both the
excitatory and inhibitory synaptic behaviors in an optical pathway
(Figure 24d—e).”"® The simple device structure and low-dimensional
features of this heterostructure confer powerful flexibility to the
photosynapse in wearable electronic devices (Figure 24f). The optical
synapse has a linear and symmetric conductivity update trajectory with
multiple conductivity states and low noise, which facilitated accurate
and efficient pattern recognition with high fault tolerance even in the
bent state (Figure 24g). A range of logical functions and associative
learning abilities have been demonstrated by the optical synapses in the
optical pathway, enhancing the information processing ability of the
neomorphs (Figure 24h—i). The information processing capability of
neuromorphic computation has been significantly enhanced. In terms
of human health, Li et al. fabricated a porous graphdiyne for respiration
sensors.”'® Xu and co-workers reported a graphdiyne-based artificial
synapse (GAS) with an excellent temperature and humidity response
(Figure 24j—1). Ultralow voltage response and sub-biological power
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consumption meant GAS was competitive with other double-ended
resistive switches (Figure 24m).*"”

6.2. Intelligent Devices. Carbon materials have been considered
as promising materials that can be used in the development of next-
generation multifunctional intelligent devices due to their advantages of
suitable electrical conductivity, thermal stability, electrochemical
stability, high specific surface area, and easy modification of chemical
functional groups. Despite the above advantages and potentials of
carbon materials, current reports on intelligent devices based on carbon
materials are still very limited and challenging. By utilizing the
numerous advantages of GDY, Fu et al. fabricated the solid magnesium
cell by an array of graphdiyne nanosheets with both continuous
humidity and a sunlight response (Figure 25a).>'® The integrated
devices worked on the outstanding characteristics in capturing and
transferring water molecules, catalyzing HER and utilizing solar energy
of the graphdiyne cathode for high-performance intelligent SMB
(Figure 25b—d). The devices could be applied as a self-powered
humidity monitor with an ultrafast response time of <0.24 s, recovery
time of <0.16 s, and high sensitivity (36,600%) (Figure 2Se). Further,
Mao et al. reported a graphdiyne oxide film with ultrahigh proton
conductivity, which could be attributed to different proton conduction
pathways (Figure 25f—g). And the GDYO membrane could be applied
as the proton transfer membrane in methanol fuel cells with excellent
performance (Figure 25h—i).*’* By spin-coating ultrathin GDY
nanosheets onto flexible poly(ethylene terephthalate) (PET) sub-
strates, GDY-based photodetectors (PDs) were obtained**"**° and

showed excellent photoresponsive behaviors with high photocurrent
(Pyy 598 pA cm™?), photoresponsivity (Rypy 1086.96 uA wh),
detection rate (7.31 X 10" Jones), and excellent long-term stability
(more than 1 month). The high degree of flexibility of the GDY
structure is responsible for the excellent performance that was
maintained through 1000 times of bending and twisting. Li et al.
developed a high-performance self-powered wind speed sensor
possessing water/cold resistance, which can stably run for a long time
and be directly applied in a typical extreme environment.”*’

As a two-dimensional semiconductor with excellent optical response
properties, graphdiyne is an ideal material for optoelectronic devices.”**
Gao et al. developed strong ECL emission without any functionaliza-
tion or treatment of GDY with potassium persulfate as the core agent
(Figure 26a,b).”*® Mechanistic studies demonstrated that the ECL
emission of GDY was generated by the transition of the surface state
(Figure 26c—e). The ECL was produced in the NIR region at 705 nm
with an ECL efficiency of 424% (Figure 26f—h). Zhang and co-
workers’>* reported the GDY-based optoelectronic memory with
floating gates on top of both ends with multibit storage capability.
Benefiting from the excellent charge storage capability and high optical
response of the GDY, the fabricated devices exhibited more than 256
different storage levels with a signal-to-tone ratio greater than 100. In
addition, the fully two-dimensional material and the two-end structure
gave the device robust bending. Wu et al. reported the Kerr nonlinearity
of graphdiyne with a large nonlinear refractive index (10™° cm?
W1).>*° The excellent performance of nonlinear photonic devices
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Figure 26. Smart detector. (a) Schematic illustration of GDY electrochemiluminescence. (b) Absorption spectrum of the GDY. (c) CV curves
and the ECL-potential curves. (d) ECL-potential curves obtained at GDY/GC electrode. (e¢) ECL—time curves. (f) ECL intensity at different
concentrations of phenol. (g) The CIE coordinates of GDY. (h) The ECL stability of the GDY. Reproduced with permission from ref 223.
Copyright 2022, Wiley-VCH. (i) Schematic diagram of electrolyte-gated transistors. (j) Transfer curve of the EGT. (k) The intercalation
processes of Li ions. (1) Photograph and optical-microscopy image of the EGT on PET substrate. (m) The function of tensile and compressive
strain. (n) The EPSC responses triggered by positive and negative IGS pulses. (o) Output signals for the processing of logic transistor.
Reproduced with permission from ref 226. Copyright 2021, Wiley-VCH.

(such as a Kerr switcher) fabricated by graphdiyne and SnS, was
revealed by the SSPM method. Lu and co-workers presented the GDY/
MoS,-based EGT (Figure 26i).”*° With a lithium-ion storage
graphdiyne layer, the GDY/MoS,-based EGT exhibited a robust
stability (<1% change over more than 2000 cycles), an ultralow energy
consumption (50 J um™2), and long retention characteristics (>104 s)
(Figure 26j—m). An ultrahigh G,/ Gp, ratio (10%), and an ultralow
readout conductance (<10 nS) of the device has demonstrated this,
thus enabling the implementation of neuromorphological calculations
with near-ideal accuracy. In addition, the nonvolatile nature of GDY/
MoS,-based EGTs enables them to demonstrate logic functions in
memory, which could perform logic processing in a single device and
store logic processing (Figure 26n—o0). These results demonstrated the
potential of GDY/MoS,-based EGTs for next-generation, low-power
electronics beyond the von Neumann architecture. Qu et al. developed
the high-performance n-type Ta,SiTe,/polyvinylidene fluoride/GDY
thermoelectric composited.””” The Ta,SiTe,/PVDF/GDY composite
films demonstrated a maximum ZT value of 0.2 at 300 K, among the
highest reported in organic—inorganic flexible thermoelectric compo-
sites.
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6.3. Substance Absorption and Separation. The basic structure
and properties of GDY also endow it with many excellent advantages for
the selective and high-performance adsorption and separation of
substances. Geim and co-workers showed that the membranes made
from multilayer GDY (Figure 27a—c) allowed fast, Knudsen-type
permeation of light gases such as helium and hydrogen, whereas heavy
noble gases like xenon exhibited strongly suppressed flows (Figure
27d—£).>*® These seemingly contradictory properties are explained by
the high density of straight-through pores (direct porosity of 0.1%) in
which heavy atoms were adsorbed on the pore walls (Figure 27g—h).
And the gas investigative adsorption capacity of graphdiyne aerogel
architecture was reported by Liu and co-workers.”*” Additionally,
Zhang and co-workers fabricated the different hole sizes by a GDY-
derivatized triptycene film to separate the acetylene and ethylene.”*°
The separation of oils or organic solvents and water in an ultrafast and
economical method was still gaining increasing attention with
absorbent or membrane materials.”>' Zhang, Liu, and co-workers
reported the graphdiyne-based 3D superhydrophobic porous archi-
tectures for the oil/water separation.”*” Besides, current experimental
and theoretical calculations showed that graphdiyne could also realize
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Figure 27. Substance separation. SEM (a), TEM (b), and HRTEM (c) images of graphdiyne-based membranes. (d) Schematic diagram of gas
separation devices. (e) Flow rate of noble gases through micrometer-sized membranes. (f) Observed gas permeance at room temperature. (g)
Temperature dependence of gas permeance for light gases. (h) *He permeation as a function of its partial pressure. Reproduced with permission
under a Creative Commons CC-BY License from ref 228. Copyright 2022, Springer Nature. (i) Schematic representation of the graphdiyne
separation system. Reproduced with permission from ref 234. Copyright 2013, IOP Publishing Ltd. (j) Various coordination patterns of
actinide single ions on graphdiyne. Reproduced with permission from ref 235. Copyright 2020, Wiley-VCH. (k) Schematic diagram of the
synthesis of HsGDY membranes on an Al,O; tube. (1) SEM image of HsGDY membranes. (m) Scheme of the nanofiltration process. (n)
Permeance and rejection rates of different conditions. Reproduced with permission from ref 236. Copyright 2023, Wiley-VCH.

ion separation and desalination (Figure 27i).2*%*3* Shen and co-
workers reported that actinide single ions could be coordinated with
graphdiyne. Actinide ions on the graphdiyne had different coordination
patterns and adsorption capacities, resulting in the separation of these
ions commonly found in nuclear fuel (Figure 27j).>** On the separation
of small organic molecules in water, the superhydrophilic surface and
hydrophobic pore membrane have been fabricated by Meng and co-
workers (Figure 27k). 23¢ The HsGDY membrane with continuous
stability could realize an excellent water permeance rate (near 1100 L
m~ h™! MPa™!; Figure 271-n).

7. CONCLUSION AND PERSPECTIVES

The rapid development of carbon material science and
technology has significantly influenced the progress of
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fundamental and applied sciences and the lifestyle of humans.
As an emerging carbon allotrope, GDY possesses a sp and sp*
cohybridized network in which the sp and sp* hybridized
carbon atoms were topologically ordered in a planar one-atom-
thick network. Such a one-of-a-kind chemical structure endowed
GDY with extraordinary physical and chemical properties in
fundamental and applied research and has brought renewed
vitality to carbon material science. Graphdiyne science has
currently been a developing interdisciplinary science in many
important fields and has provided tremendous opportunities not
only for revealing the intrinsic properties of graphdiyne but also
for achieving transformative results in many research fields. In
this review, we discussed in a comprehensive and detailed
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manner the research progress in the synthesis, properties, and
applications of GDY and GDY-based materials. Due to its
special chemical and electrical structures (unevenly distributed
surface charge, intrinsic pores, highly conjugated two-dimen-
sional planar structures, reversible chemical bonding transitions,
fast charge transfer, excellent mechanical properties, etc.), GDY
has already demonstrated potential uses in a wide range of
crucial disciplines, including chemistry, physics, materials
science, biological engineering, and environmental engineering,
despite its brief growth history. In addition, in this review, we
detail the controlled synthesis and self-assembly of GDY-based
materials with adjustable structures and properties, providing
scientists with valuable guidance on chemical synthesis, which
may help solve some scientific bottlenecks.

At present, GDY has brought a series of achievements in the
fields of catalysis, energy, optoelectronics, life science,
information intelligence, and material transformation and
conversion. For example, the creation of zerovalent metal
atom catalysts is a breakthrough in the field of electrocatalysis to
realize the maximum utilization of catalytic atoms. Besides,
aiming at the challenge of how to achieve efficient ammonia
synthesis under room temperatures and ambient pressures, we
started from concept innovation, broke the problem faced by
traditional catalysts, and successfully prepared a synthetic
ammonia catalyst with transformative catalytic performance
under room temperature and ambient pressures. In addition,
based on the special properties of GDY, we put forward the
concept of “alkyne-alkene transition”, especially in the aspect of
lithium fast charge, to change the traditional mechanism of
lithium fast charge, and establish a special mode of lithium fast
charge. Owing to its electronic and chemical structures, GDY
also demonstrates some transformative application potential in
the fields of hydrogen energy conversion, photosynthetic
chemicals, efficient artificial nitrogen fixation, life sciences,
intelligent information, and so on.

Although many advances have been made in the synthesis and
application of GDY, the research and efficient utilization of GDY
are still in the development stage and far from our needs. In the
next ten years, researchers still need to overcome some
fundamental issues and accumulate more knowledge such as
(i) improvement of synthesis methods to effectively control the
continuous growth of large-area all-crystalline graphdiyne with
different layers (e.g, monolayer and few layer) and basic
physical property measurements of monolayer GDY to explore
the structure—property relationship and the intrinsic electronic
structure of GDY; (ii) to better control the band structure of
GDY and study the influence regularity on properties, explore
the origin and conversion of the intrinsic optical, electrical, and
magnetic energy of GDY-based materials; and (iii) exploration
of efficient utilization devices and frontier knowledge, functions,
and applications of GDY in the fields of semiconductors,
catalysis, energy, optoelectronics, information intelligence,
bioscience, etc. As a transformative material, GDY will rapidly
develop in the direction of interdisciplinary research and play a
more important role in cross-disciplinary research.
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VOCABULARY

Graphdiyne a emerging member of carbon
allotrope with characteristics of
one-atom-thick two-dimensional
layers comprising of sp and sp*
hybridized carbon atoms
two-dimensional materials sheet-like nanomaterials with a
thickness on the atomic scale, in
which the electron is free to move in
the two-dimensional plane

an orbital hybridization of one s
orbital and one p orbital hybridize,
resulting in two sp orbitals with
equal energy and two remaining p
orbitals

the catalysts obtained by anchoring
zerovalent metal atoms on graph-
diyne

the process of changing one form of
energy into another

sp-hybridization

atom catalyst

energy conversion
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