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The Bigger Picture

Carbon nanomaterials have drawn

great attention in recent years

because of their outstanding

properties and widespread

applications. Graphdiyne (GDY) is

a two-dimensional carbon

nanomaterial consisting of sp and

sp2 hybridized carbon atoms.

Because of the unique structure

and advanced physical and

chemical properties, GDY exhibits

extensive potential applications in

many fields, such as catalysis,

electrochemical energy storage,
Recently, various synthetic methods have been developed to syn-
thesize graphdiyne (GDY) in the aspect of controlled layer and
different morphologies. The ideal GDY should have a large crystal
domain size with only one atomic layer and possess excellent
mechanical, electronic, optical, and magnetic intrinsic properties.
However, there is still a gap between the reality and ideality on
the road to perfect GDY, which results from the synthetic challenges
from the terminal alkynes coupling efficiencies, side reactions, free
rotation of carbon-carbon single bond between the diacetylenic
linkages, small domain size, defects, and the uncontrollability of
thickness. In this review, we will summarize the advances of syn-
thetic methodology in improving the quality and yield of GDY
from the perspective of fundamental acetylenic coupling reactions.
We aim to stimulate the interest of researchers working in
controlled synthesis and broaden application fields of GDY.
optoelectronic devices, and

biomedicine. Similar to any

material, synthesis determines the

future. In order to bridge the gap

between reality and ideality of

GDY, many methods have been

developed. However, until now,

there has been a lack of fully deep

summarizations, analyses, and

prospects regarding the synthetic

methodology of GDY. Hence, we

will focus on the GDY synthetic

methodology in the aspect of

basic acetylenic coupling

reactions, controllable synthetic

methods, and scale-up

production. This review will give

important guidance on the

synthesis of GDY.
INTRODUCTION

Graphdiyne (GDY) is a kindof two-dimensional (2D) all-carbon nanomaterial with specific

configuration of sp and sp2 hybridized carbon atoms. Thanks to the unique structures of

diacetylenic linkages (–ChC–ChC–), large p-conjugated systems, and well-distributed

pores, GDY presents remarkable potential applications in the fields of energy storage

and transformation,1–4 catalysis,5–9 gas separation,10,11 biomedicine,12 etc. Monolayer

GDY is predicted to be a 2D semiconductor with a moderate band gap of 0.44–

1.47 eV based on different calculation methods3,10,13–18 and an intrinsic carrier mobility

of 104–105 cm2$V�1$s�1 at room temperature,13 making it an outstanding 2D material

for future electronic, optoelectronic, and spintronic applications.19

SinceGDYwas first proposed byHaley in 1997, it has been predicted to be themost sta-

ble artificial carbon allotrope with heat formation of 18.3 kcal per g-atomC.20 Therefore,

the architecture of GDY is the direction for many scientists’ efforts. Considering the

unique structure andproperties,mucheffort has beendevoted toexploring the synthetic

methods of single or few-layered GDY.21–23 In 2010, Li and co-workers reported the first

laboratory fabrication of GDY films on copper foils using an in situGlaser coupling reac-

tion.24 Mao’s group also proposed an approach of aqueous phase exfoliation to obtain

damage-free and few-layeredGDYwith high yields.25 In the past decade, a variety of ap-

proaches have been developed to synthesize GDY with controllable layer and different

morphologies, such as GDY films,21–27 nanowalls,28,29 nanoribbons,30 nanosheets,22,31

nanotubes,32 and freestanding three-dimensional (3D) GDY.33

Despite tremendous progress in the synthesis of highly ordered GDY, there is a gap

between reality and ideality due to some intrinsic synthetic problems and challenges
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Figure 1. Schematic Illustration of the Gap between Reality and Ideality of GDY

Black ball and green ball, carbon atom; red ball, oxygen atom; blue ball, hydrogen atom.
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(Figure 1).34 As mentioned above, the ideal GDY should have a large crystal domain

with one atomic layer and possess excellent mechanical, electronic, optical, and

magnetic properties.35,36 Nevertheless, the performances of as-synthesized GDY

are not the same as the theoretical prediction, due to the polycrystalline or amor-

phous nature of GDY. Therefore, the preparation of ideal GDY, especially the single

crystal monolayered GDY, is an urgent issue. In 2009, Sakamoto et al. discussed the

synthetic approaches and issues of GDY-based 2D polymers.37 The unprotected ter-

minal alkyne compounds with high chemical sensitivity are considered as a disadvan-

tage to the ideal GDY. In the process of reactions, because of the multiple intramo-

lecular cyclization and numerous bonds that should be formed at the right place, the

number of bond-formations may be limited for hexaethynylbenzene (HEB). Besides,

the flexibility of the main skeleton could lead to a 3D geometry in the growth steps.

In this respect, a number of challenges are worthwhile mentioned combining the-

ories and experiments: (1) the terminal alkyne coupling efficiencies of monomer,

HEB, are difficult to be equivalent to coupling reaction of phenylacetylene under

the same reaction conditions; (2) the side reactions, such as oxidative addition, cy-

clotrimerization, and reductive elimination coupling reactions, appear and affect

crystallinity of GDY because of the high activity of the monomers;38 (3) the free rota-

tion of carbon-carbon single bond between the diacetylenic linkages lead to unor-

dered structure;37 (4) small domain size and defects influence the properties of

GDY; and (5) the thickness is difficult to be controlled because of the interaction be-

tween GDY layers. The differences between ‘‘real GDY’’ and ‘‘ideal GDY’’ lead to the

gap. In order to bridge the gap, rational design of synthetic methods could be an

efficient solution.

Recently, there have been comprehensive reviews on the intrinsic properties, synthesis,

functionalization, and potential applications of GDY.4,6,12,34–36,39,40 Nevertheless, the

challenges from the point of view of synthetic methodology of GDY have not been fully

addressed. Deep reviews about how to bridge the gap between ‘‘real GDY’’ and ‘‘ideal

GDY’’ are scarce. In this review, we will overview the advances of synthetic methodology
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in improving the quality and yield of GDY from the perspective of fundamental acety-

lenic coupling reactions. Glaser coupling catalyzed by Cu(I) was proposed first, and

the subsequent three coupling reactions modified the catalyst systems. In the Glaser-

Hay coupling reaction, an organic base was added to improve solubility of the Cu

catalyst complex. Cu(II) acetate was applied to the Eglinton coupling reaction,

which was carried out by a radical mechanism at room temperature. The utilization of al-

kynylsilane precursor could improve the stability of monomers in the alkynylsilane reac-

tion. In addition, we highlight several strategies in wet chemical route, including catalyst,

monomer, and interface-confined synthetic methods. Subsequently, we give in-depth

insights into large-scale synthetic methods of highly ordered GDY by controlling the

surface area of substrate, utilizing the solid-liquid interface, and employing graphene

as an epitaxy template. Finally, we put forward the prospects for future developments

in the synthesis and applications of GDY. We hope that this review would provide an

overall analysis of challenges regarding the developed synthetic methods and guide

the researchers toward issues that should be taken into consideration in future synthesis

of GDY.
FUNDAMENTAL COPPER-MEDIATED ACETYLENIC COUPLING
REACTIONS FOR GDY

GDY is a kind of polymeric network comprising sp and sp2 hybridized carbon atoms.

Hence, the synthesis of GDY could be inspired from the organic molecules as build-

ing blocks that connect with each other via chemical bonds. GDY would be realized

through the chemical reactions of appropriate precursors theoretically. As proposed

by Haley et al., GDY substructures were realized via Cu-mediated acetylenic

coupling reactions based on terminal alkynes or their derivatives.20,41,42 For conju-

gated alkynyl groups, Pb-catalyzed Sonogashira coupling reaction based on alkynyl

halides could be applied,43 and the controlled oligotrimerization of cyclic polyynes

would also lead to the macromolecular networks for GDY.44 Whereas, more stable

precursors and more valid catalyst systems make Cu-mediated acetylenic coupling

reactions stand out as more promising approaches for GDY’s synthesis. Until now,

four types of Cu-mediated coupling reactions, including Glaser coupling, Glaser-

Hay coupling, Eglinton coupling, and alkynylsilane coupling, were conventionally

applied in the fabrication of GDY, as concluded in Figure 2A. Understanding of

the fundamental catalytic systems and mechanisms of the coupling reactions is

critical for developing high-efficient coupling approaches for GDY.
Glaser Coupling Reaction

The observation of acetylenic coupling reaction and that phenylacetylene catalyzed

by Cu(I) salt in the alkaline solvent underwent the formation of Cu(I) phenylacetyl in-

termediate and subsequent oxidative dimerization was first reported by Glaser.45

Mechanisms for the classical acetylenic coupling reactions are demonstrated in Fig-

ure 2B. As for the Glaser coupling, a speculation of dinuclear-copper-acetylide-com-

plex-mediated oxidized coupling mechanism proposed by Bohlmann et al. was

widely accepted.46,47 While the monomer of phenylacetylene was utilized in the

Glaser coupling, its conversion and yield could reach more than 90%, indicating a

high selectivity.48 Aiming at the synthesis of stable GDY networks, Li and co-workers

designed HEB as the monomer and carried out a modified in situGlaser coupling re-

action in the alkaline pyridine solvent.24 They exploited the Cu foil as both the cata-

lyst and planar substrate tactfully since Cu would be oxidized to copper ions in the

presence of a basic solvent. The planar Cu surface plays an important catalytic role in

the polymerization and drives the synthesis of flat GDY films. Referring to this

designing concept, GDY nanotubes32 and strip arrays49 could also be synthesized.
Chem 6, 1–19, August 6, 2020 3



Figure 2. Synthetic Route and Cu-Mediated Acetylenic Coupling Reactions toward GDY

(A) Concluded synthetic route for GDY based on HEB or HEB-TMS precursor.

(B) Proposed mechanism for classical Glaser coupling reaction. Reprinted with permission from Zhou et al.34 Copyright 2019 Wiley-VCH.

(C) Proposed mechanism for Glaser-Hay coupling reaction. Reprinted with permission from Sakamoto et al.40 Copyright 2019 Wiley-VCH.

(D) Proposed mechanism for Eglinton coupling reaction. Reprinted with permission from Diederich et al.44 Copyright 1992 by VCH Verlagsgesellschaft

mbH, Germany.

(E) Proposed mechanism for alkynylsilane coupling reaction. Reprinted with permission from Li et al.32 Copyright 2011 American Chemical Society.
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This Cu foil-assisted coupling reaction opened up a way for the emerging GDY nano-

materials. However, a full understanding of the formation mechanism and explicit

component characterizations are lacking.

Glaser-Hay Coupling Reaction

Based on the acetylenic coupling reactions, several curial evolutions on the control-

lable preparation of GDY have been made. For the first time, Liu’s group reported a
4 Chem 6, 1–19, August 6, 2020



Table 1. Reaction Conditions and Promising Application Fields of the Fundamental Acetylenic

Coupling Reactions for GDY

Reactions Precursor Catalytic
System

Temperature Applications

Modified Glaser
coupling

HEB Cu, pyridine 60�C field-emission;32 energy
storage;53 electroanalysis and
electrochemistry54,55

Modified Glaser-
Hay coupling

HEB Cu, TMEAD,
pyridine

50�C field-emission;28 catalyst;52

solar steam generation56;
oil-water separation57

Eglinton coupling HEB Cu(OAc)2,
pyridine

Room
temperature

gas sensor;21 catalyst58

Alkynylsilane
coupling

HEB-TMS CuCl, DMF 65�C–70�C field-effect transistor27
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feasible synthetic route of GDY nanowalls via a modified Glaser-Hay coupling reac-

tion,28 whose reaction conditions were demonstrated in Table 1. The Glaser-Hay

coupling was derived from the Glaser reaction and achieved an important improve-

ment under the application of a catalytic amount of bidentate ligand N, N, N0, N0-tet-
ramethylethylenediamine (TMEDA).50 The coupling reaction rate was considerably

faster ascribed to the enhanced solubility of Cu-TMEDA complex, which experi-

enced further oxidative coupling with O2. According to the coupling mechanism

based on DFT calculation proposed by Fomine et al., Cu(I)/Cu(III)/Cu(II)/Cu(I) cata-

lytic cycle was involved for Glaser-Hay coupling and the dominant step was the di-

oxygen activation of Cu(I) complex for Cu(III) complex (Figure 2C).51 Glaser-Hay

coupling reaction with a more active catalyst system could be applied in diverse

organic solvents and lower temperatures. Therefore, the reaction temperature and

time in the modified Glaser-Hay coupling reactions on the copper foil are relatively

lower than those of modified Glaser coupling. Glaser-Hay-coupling-reaction-

induced GDY nanowalls with highly conjugated electronic structure and uniform

sharp character are considered to have excellent roles in the field-emission applica-

tion area,28 meanwhile their nanoporous networks and the abundant active sites are

promising in the construction of high-performance catalysts.52

Eglinton Coupling Reaction

According to the proposedmechanism of Glaser coupling andGlaser-Hay coupling, the

existenceof relevantbasepromotes thedehydrogenationof terminal alkyneand thepro-

ductionofacetylic copper intermediates.Afterward, these intermediatesaredimerized in

the presence of an oxidizing reagent such as O2. In 1956, Eglinton and Galbraith intro-

duced stoichiometric cupric salt catalyst in methanol-pyridine to promote the acetylenic

coupling reaction.59,60 In the Eglinton coupling reaction, the dimerization could proceed

in the absence of O2 at room temperature. Klebansky et al. proposed that the reaction

followed a radical mechanism with cupric ions as the oxidizing agents, and they also

noted that the basic condition would enhance the reaction rate.61 Furthermore, Clifford

et al. evolved this radical mechanism, showing that the Cu(I) acetylide species rapidly

oxidizedafter the transferof a singleelectron toCu(II) throughanacetate ligandbridge.62

As shown in Figure 2D, the decomposition of Cu(II) and recombination of the free alkynyl

radicals resulted in coupled diyne products. Eglinton oxidative coupling reaction is well

suited for the construction of macrocyclic acetylenes with diyne structure. Zhang and

co-workersdevelopeda facile strategy to confine the few-layeredGDYongraphene sub-

strate via Eglinton coupling using HEB and Cu(OAc)2 as monomer and catalyst, respec-

tively.21 The resulting GDY-graphene heterostructure films exhibited promising applica-

tion as the gas sensor. Eglinton coupling reaction with a radical reaction mechanism

endows the approach with mild conditions of low temperature and high efficiency.
Chem 6, 1–19, August 6, 2020 5
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This oxidative coupling reaction can be conducted smoothly in the interfaces of solution

and substrate, and it can also be extended to other templates, such as h-BN, via p-p in-

teractions.Withmild reaction condition and excellent feasibility, Eglinton coupling reac-

tion would pave the way for the design of diverse 2D acetylenic carbon allotropes.
Alkynylsilane Coupling Reaction

GDY can be considered as themolecular-based covalent organic nanosheet, despite

that, they are all-carbon materials.40 Hence, traditional synthetic strategies of GDY

synthesis use terminal alkyne oxidative coupling reaction based on the designed

HEB monomer. HEB molecules are conventionally produced from hexakis-[(trime-

thylsilyl)ethynyl]benzene (HEB-TMS) after a deprotection reaction under inert atmo-

sphere. Whereas, the HEB monomers with six alkynyl groups are not stable in the

coupling reaction condition and would counter with oxidation and self-polymeriza-

tion inevitably. Subtly, Liu and co-workers synthesized GDY on the graphene or h-BN

template employing the HEB-TMS as the precursor, CuCl as the catalyst, and polar

N,N-dimethyformamide (DMF) reagent as the solvent.26 The GDY-based field-emis-

sion transistor demonstrated good conductivity and p-type characteristic. The cor-

responding reaction underwent Cu(I)-promoted homocoupling of alkynylsilane,

referring to the observation by Hiyama et al. (Figure 2E).63,64 This alkynylsilane

coupling reaction can smoothly proceed in the Cu(I) catalytic system in various polar

solvents, such as DMF or dimethylsulfoxide (DMSO) with excellent yield (>99%). In

the coupling reaction, alkynylsilanes turn into Cu(I)-acetylide intermediates, which

further produce diynes in the presence of oxygen. Therefore, alkynylsilane coupling

opens new horizons for the stable production of high-quality GDY.

As mentioned above, these Cu-mediated acetylenic coupling reactions have pro-

vided fundamental synthetic ideas for GDY. Glaser coupling catalyzed by Cu(I)

was proposed first, and the other three coupling reactions that followed modified

the catalyst systems. In the Glaser-Hay coupling reaction, the addition of bidentate

ligand TMEDA could increase the reaction rate ascribed to improved solubility of Cu

catalyst complex. In the Eglinton coupling reaction, cupric salt catalyst system under

a radical mechanism endows it with high efficiency at room temperature. In the alky-

nylsilane coupling reaction, the utilization of alkynylsilane precursor could realize a

much more stable reaction condition. Based on the catalytic mechanisms, improve-

ments and modifications for the acetylenic coupling reactions can also be intro-

duced for 1,3-diynes. CuAl-layered double hydroxide (LDH) catalyst where cop-

per(II) is located has been investigated for acetylenic homocoupling reactions.65

Low-cost Cu-LDH were discovered to be effective at room temperature in the

coupling reactions in various substrates, exhibiting promising commercial applica-

tions. Harmful organic solvents in these acetylenic coupling reactions could be

replaced with greener solvent alternatives, such as polyethyleneglycol,66 ionic

liquids,67 supercritical CO2,
68 and water.69 Besides, electrochemical oxidation,70 mi-

crowave irradiation,71 and ball milling72 have been found to be potential approaches

to promote the coupling reactions for 1,3-diynes. These modifications and improve-

ments of the catalytic systems in the coupling reactions could inspire the researcher

to further search for new synthetic strategies of ideal GDY.
CONTROLLABLE SYNTHESIS OF GDY

Taking the above studies of coupling reactions into account, the wet chemical route is

generally used through selecting reaction system for preparing GDY. It must also be

mentioned that challenges still exist, leading to the uncontrollability of quality improve-

ment of GDY, as shown in Figure 3. First, the stability of monomers is one of the most
6 Chem 6, 1–19, August 6, 2020



Figure 3. The Major Challenges and Strategies in Controllable Synthesis of GDY

Black ball and green ball, carbon atom; red ball, oxygen atom; white ball, hydrogen atom; yellow

ball and blue ball, Cu catalyst; orange ball, HEB
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important problems that need to be solved. The precursor (HEB) could easily turn brown

without the protection of an inert gas because of the weak acidity and high reactivity of

the terminal alkynyls.73 In other words, HEBmay forman acetylide-conjugated base, and

the oxidative reactions will take place. Second, the low coupling efficiency with side re-

actions will introduce defects and influence the domain size of GDY structure.74 Third,

low rotation barrier existing at the alkyne-aryl single bonds lead to free rotation relative

between the fragments.34 These problems result in overlapping and unordered 3DGDY

networks, which are far from the idealGDY structure. Therefore, in order to obtain single-

or few-layered GDY with a large domain size, some controllable synthetic strategies,

namely catalyst, monomer, and interface-confined synthetic methods, are developed

(Figure 3), which will be discussed in detail in this section. In traditional organic chemical

synthetic methods, the reactants and catalysts are mixed in the solution and fully stirred

to obtain the target products. However, intensivemixing of catalysts andmonomers will

increase the possibility of unordered coupling of monomers. In a confined synthetic

method, the catalysts and monomers are respectively or simultaneously restricted

near the target substrates by concentration diffusion, templet effect, interface, and tem-

perature gradient, defining the places where the reaction occurs and solving the above

problems.

Catalyst-Confined Synthetic Method

In catalyst-confined synthetic method, a concentration gradient of catalyst will form

from substrate (high concentration) to solution (low concentration). The rate and
Chem 6, 1–19, August 6, 2020 7



Figure 4. Catalyst-Confined Synthetic Method of GDY

(A–C) (A) Schematic illustration of coupling reaction on Cu surface. The SEM images of GDY films grown on the surface of copper foil, (B) large-area GDY

film, and (C) a turned-up film. Reprinted with permission from Li et al.24 Copyright 2010 The Royal Society of Chemistry.

(D–F) (D) Schematic illustration of the in situ synthesis of GDY linear patterns. The SEM image (E) and 3D Raman mapping (G-band) image (F) of GDY

growth upon the copper foils. Reprinted with permission from Wang et al.49 Copyright 2016 Wiley-VCH.

(G) Synthesis of GDY via in situ Glaser-Hay coupling reaction on Cu foils.

(H) AFM image of an exfoliated sample (G) on SiO2/Si substrate. Reprinted with permission from Zhou et al.28 Copyright 2015 American Chemical

Society.

(I) Synthesis of GDY nanowalls on arbitrary substrates via copper envelope catalysis.

(J) HRTEM images of GDY nanowalls. Reprinted with permission from Gao et al.29 Copyright 2016 WILEY-VCH.
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Figure 4. Continued

(K) Schematic illustration of the fabrication of GDY on arbitrary substrates with the controlled release method and the photos of the fabricating process

on the glass substrate and silica gel.

(L) TEM images of as-prepared GDY on Al foil.

(M) Typical Raman spectra of GDY fabricated on different substrates. Reprinted with permission from Zhao et al.75 Copyright 2018 The Royal Society of

Chemistry.
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efficiency of the alkyne-coupling reaction increase because of the sufficient catalysts

near the surface of target substrate. Employing catalyst-confined synthetic method,

GDY films, stripe arrays, and nanowalls can be obtained not only on the copper foils

but also on the arbitrary substrates. Li and co-authors first generated GDY nanoscale

films with 1-mm thickness on the surface of the copper foil, which served as the sub-

strate and source of catalyst using Glaser coupling reaction in 3 days (Figure 4A).24

Cu(II) catalysts turn out forming a concentration gradient from copper foils to solu-

tion in the presence of pyridine without stirring. Near the copper foils, the concen-

tration of catalysts is higher and the monomer (HEB) coupling reaction is faster than

that in the solution. As a result, GDY films with large areas can be synthesized on the

copper foils.

Through association of a template technique, Jiang and co-workers prepared the

GDY stripe arrays.49 In the reaction solution with HEB and pyridine, a superlyophilic

grooved template forms a close contact with a flat copper producing numerous of

microscale reaction channels (Figure 4D) to restrict the space of the reaction pro-

cess. Since the Cu-pyridine catalyst was formed and diffused into the linear channels,

the HEB cross-coupling reaction happened and the ordered GDY stripes would

appear upon the copper-pillar-gap regions as shown in the scanning electron micro-

scopy (SEM) image (Figure 4E). The G-band Raman mapping image of the GDY

stripes on a silicon wafer (Figure 4F) shows regular green stripes and consists with

the SEM observation of the GDY stripes.

To improve the efficiency of alkyne coupling, a modified Glaser-Hay coupling was

employed to synthesize GDY nanowalls on copper foils, as shown in Figure 4G.28

Atomic force microscopy (AFM) image (Figure 4H) of an exfoliated GDY nanowall

on a SiO2-Si plate indicated the layered structure with a thickness of about 15 nm.

TMEDA was introduced as a stronger N-ligand with a rapid reaction rate and higher

efficiency for the alkyne coupling reaction in acetone compared with that in pyridine.

On the other hand, HEB is more stable in acetone than in pyridine, due to the weak

acidity of acetone. For the purpose of avoiding the limitations associated with sub-

strates, an envelope method was developed to fabricate GDY nanowalls on arbitrary

substrates,29 including 1D (Si nanowires), 2D (Au, Ni, W foils, and quartz), and even

3D substrates (stainless steel mesh and graphene foam [GF]), which expanded the

range of applications. In this strategy, target substrates were tightly wrapped by

copper foils, and Cu ions acted as the ‘‘running catalysts’’ generated from copper

foils and arrived at the surface of target substrates where the monomers react

(Figure 4I).

Huang and co-workers reported an in situ growth of GDY on arbitrary substrates

through a catalyst-controlled release method using Eglinton coupling reaction.75

As the description of Figure 4K, polyvinylpyrrolidone/copper(II)-acetate (PVP/

Cu(OAc)2) films were formed on the target substrates. Cu(II) ions were released

into the solution and formed a concentration gradient from substrate to bulk solu-

tion. The thickness of the GDY films can be regulated by altering the amounts of

Cu(OAc)2 in PVP/Cu(OAc)2 composite films. However, the macroscopic GDY films

are aggregated with different angles of GDY sheets; thus, the differences in the
Chem 6, 1–19, August 6, 2020 9
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reaction environment, including the surface morphology of substrates and release

rates of catalysts, will influence the GDY aggregations.75

Although GDY nanowalls, stripe arrays, and films have been successfully fabricated via

catalyst-confined synthetic method, the ultrathin GDY films are still difficult to be pre-

pared using this strategy, since the formed copper ions diffuse from substrate to bulk

solution, resulting in a weak catalyst concentration gradient from substrate to bulk so-

lution. Thus, the catalyst-confined synthetic method should improve in decreasing the

range of catalyst. It might be a good idea to introduce an external field, such as electric

field andmagnetic field, to control the move direction and confine the catalyst to facil-

itate the adsorption on substrate surface. Then the coupling reaction will be confined

in a limited space to obtain single- or few-layered GDY.

Monomer-Confined Synthetic Method

The uncontrollable thickness, lability of HEB, and free rotation of carbon-carbon single

bond between diacetylene are barriers for successful preparation of single- or few-

layered GDY. In order to solve these problems, a valid synthetic methodwas developed

to synthesize trilayer crystal GDY stacked on graphene (Figure 5A) through a van der

Waals (vdW) epitaxial strategy.21 Graphene is an ideal candidate used as the epitaxial

substrate to synthesize 2D materials, such as 2D covalent organic framework (COF)

films76 and strained pentacene thin films.77 Benefiting withp-p and vdW interaction be-

tween HEB and graphene, HEBs favor coupling with each other in plane rather than out

of plane to prevent the free rotation between fragments. The controllable experiment

indicated GDY only grow on graphene rather than SiO2/Si substrate. First-principles cal-

culations showed that theHEBmolecules were absorbed to the surface of graphenewith

flat-lying geometry and binding energy of 1.47 eV. Energy barriers of the rate-deter-

mining step aswell as reaction energies are lower than those in solution, which facilitates

the growth of few-layered GDY films. It is worth noting that aberration-corrected high-

resolution transmission electron microscopy (HRTEM) imaging (Figure 5B) observed

on GDY-graphene heterostructure films domain implied an ordered 2D GDY structure,

and the typical Raman spectra randomly collected of GDY on graphene (Figure 5C) veri-

fied the continuity ofGDY at themacroscopic scale. The vdWepitaxial substratewas also

expanded to the hexagonal boron nitride (hBN), which has similar structure with gra-

phene. The expansion was beneficial for fine characterization of intrinsic properties of

GDY and possesses potential applications in the field of photoelectric devices.

To further avoid the oxidation of monomer, Liu and co-workers also adopted HEB-

TMS molecules as precursors and used alkynylsilane coupling reaction to fabricate

GDY films on graphene templet (Figure 5D).26 Through the epitaxial growth strategy,

a continuous flat ultrathin GDY film with a thickness of about 3–4 nm was synthesized

successfully. Moreover, taking advantages of graphene-templated method, ultrathin

b-GDY-like films could be synthesized using tetraethynylethene (TEE) as the precur-

sor by Eglinton coupling reaction (Figure 5G).27 The thickness of b-GDY-like films

containing single-layered graphene characterized by AFM is about 1.5 nm. HRTEM

image (Figure 5H) showed uniform lattice fringes, which reflected the ordered struc-

ture of the films. The typical Raman spectra (Figure 5I) of the b-GDY-like films on

graphene at different positions was consistent with theoretical predictions. Electrical

measurement revealed that the films presented a conductivity of 1.303 10�2 S$m�1,

which presented a great improvement compared with previous work.78

Monomer-confined synthetic method benefits from the vdW and p-p interactions

between HEB and substrates (graphene and h-BN) to solve the problems of uncon-

trollable thickness, the lability of monomers, and the free rotation of carbon-carbon
10 Chem 6, 1–19, August 6, 2020



Figure 5. Monomer-Confined Synthetic Method

(A) Synthesis of GDY via Eglinton coupling reaction.

(B) Aberration-corrected HRTEM imaging of GDY domain.

(C) Typical Raman spectra randomly collected of GDY on graphene. Reprinted with permission from Gao et al.21 Copyright 2018 American Association

for the Advancement of Science.

(D) Synthesis of GDY via alkynylsilane coupling.

(E) HRTEM image of transferred GDY films.

(F) Raman spectra evolution of graphene and as-grown GDY on graphene. Reprinted with permission from Zhou et al.26 Copyright 2018 American

Chemical Society.

(G) Synthesis of b-GDY-like films on graphene via Eglinton coupling.

(H and I) HRTEM image (H) and Raman spectra (I) of the b-GDY-like films on graphene. Reprinted with permission from Li et al.27 Copyright 2019

American Chemical Society.
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single bond between the diacetylenic linkages. However, the strong interaction be-

tween GDY and graphene makes it difficult to separate independent GDY films,

which limits the studies of intrinsic properties and applications. Thus, it is better to

select an appropriate epitaxial templet and combine with feasible approaches,

which avail the growth of single- or few-layer GDY and easy separation of GDY

from substrates.

Interface-Confined Synthetic Method

Growing 2D polymeric materials at solid-liquid,79,80 liquid-liquid,81–83 or gas-

liquid84–86 interfaces, such as surface COFs and surface metal-organic frameworks
Chem 6, 1–19, August 6, 2020 11
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(MOFs), are already widely used methods. There are three main advantages of us-

ing the interfaces for GDY preparation: (1) the flat and uniform interface space on a

large length scale; (2) the availability of the liquid subphase as a pool of monomers

and catalysts; and (3) the straightforward preparation and transfer without damage

onto target substrates.86 In this section, considering the challenges of solution

method, interface-confined synthetic method is proposed to synthesize few-

layered GDY films through restricting the reaction taking place in a limited space.

Nishihara and co-workers reported a liquid-liquid and gas-liquid interfacial synthe-

sis of GDY.22 First, they used dichloromethane-containing HEB monomer and

catalysts (copper(II) acetate and pyridine) aqueous that are nearly immiscible (Fig-

ure 6A). GDY films were gradually generated on the interface of two solutions in

the presence of HEB and catalyst at room temperature (Figure 6B). The GDY films

have a sheet morphology with lateral dimensions of 25–100 mm and a thickness of

24 nm. TEM (Figure 6C) and selected area electron diffraction (SAED) revealed the

good crystallinity of the GDY films. The gas-liquid interfacial synthetic route is

shown in Figure 6E. A mixture organic solvent with a lower concentration of mono-

mers was gently added dropwise to the surface of the catalysts aqueous under an

inert argon protection. When the organic solvent quickly volatilizes, the coupling

reaction take place at the gas-water interface, and GDY nanosheets will float on

the interface. Then a number of regular hexagonal shape nanosheets with 1–2

mm diagonal length could be observed by TEM (Figure 6F), which accords with

the hexagonal crystal lattice of GDY. AFM analysis showed a thickness of

�3.0 nm and smooth hexagonal domains on HMDS/Si (100). The Raman spectra

(Figure 6G) showed the typical C-C bonding of GDY. To prepare large-area GDY

ultrathin films, Hu and co-workers modified the gas-liquid interface-confined syn-

thetic method in an air atmosphere87 as described in Figure 6H. The centimeter-

scale and freestanding GDY ultrathin films were obtained by this method and

can be easily transferred to arbitrary solid substrates, which is suitable for device

fabrication.

To further take advantage of the interface, Zhang and co-authors developed a rapid

temperature gradient solid-liquid interface synthetic strategy. Microwave irradiation

was introduced to produce the temperature gradient and promoted the process of

coupling reactions without catalyst (Figure 6K).23 The sodium chloride (NaCl) was

selected as the substrate that can adsorb microwave and a mixture of toluene and

hexane (1:1 v:v) served as a non-adsorbing solvent. After microwave irradiation of

4 min (700 W), the temperature of NaCl increased to about 70�C, which is favorable

for monomer coupling reactions. On the contrary, the monomers in the solvent were

more stable and could diffuse to the surface of the substrates. Unlike the traditional

Glaser coupling reaction, microwave can assist the homolytic cleavage of C-H bond

to form an acetylenic radical and couple to fabricate GDY films with an average thick-

ness of less than 2 nm in the absence of the catalysts. Raman spectrum (Figure 6M) of

as-synthesized films confirmed the successful coupling of alkyne group. HRTEM im-

age (Figure 6L) of GDY films evidenced the high crystallinity.

It is valid that constructing the interface of gas-liquid and liquid-liquid limit the

coupling reaction space to obtain GDY nanosheets and films. The thickness of

GDY is difficult to control because of the interdiffusion layer between water and

organic solvent. The air-water interface goes against the stability of monomers lead-

ing to defects and amorphous structure. Notably, the introduction of temperature

gradient in association with microwave heating is an efficient method. Not only

the stability of the HEB is guaranteed but also the high efficiency of the coupling re-

action assisted withmicrowave can enhance the formation of ordered GDY structure.
12 Chem 6, 1–19, August 6, 2020



Figure 6. Interface-Confined Synthetic Method

(A and B) Schematic illustration (A) and a photograph (B) of the GDY liquid-liquid interfacial synthetic procedure.

(C and D) TEM image (C) and Raman spectrum (D) of multilayer GDY.

(E) Schematic illustration of the gas-liquid interfacial synthesis and transfer process.

(F and G) TEM micrograph on an elastic carbon grid (F) and Raman spectrum (G) of hexagonal GDY nanosheets. Reprinted with permission from

Matsuoka et al.22 Copyright 2016 American Chemical Society.

(H) Schematic illustration of the synthetic process of GDY thin films at the air/water interface.

(I) SEM image of the GDY film on a holey carbon matrix.

(J) Raman spectra of the GDY film on three arbitrary positions. Reprinted with permission from Li et al.87 Copyright 2020 The Royal Society of Chemistry

and the Chinese Chemical Society.

(K) Schematic presentation of the microwave-assisted synthesis process of GDY films.

(L and M) HRTEM images (L) and Raman spectrum (M) of GDY films. Reprinted with permission from Yin et al.23 Copyright 2020 Wiley-VCH.
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The drawback of microwave heating NaCl substrate is small-area GDY films because

of the small size of substrate. Thus, adopting other heat sources, such as radio

frequency (RF) heating, to expand GDY growth substrates may be the future direc-

tion. As we all know, eddy currents will be generated within the metal under the

RF induction. Thus, continuous large-area GDY films may be synthesized on metal

foils, including Cu, Ag, and Au substrate, where temperature gradient form with

the aid of RF heating.
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SCALE-UP PRODUCTION OF GDY

Although relatively high-crystalline and few-layer GDY are synthesized in the liquid and

gas phases via some controllable syntheticmethods, it is very industrially valuable to find

a simple synthetic strategy to synthesizeGDY in large scale. In the past few years, several

in situ methods have been developed for massive production of GDY, leading to

advanced applications. Li and co-workers reported an in situ Glaser coupling process

to synthesize Cu@GDY core-shell nanowires array for high-efficient hydrogen evolution

cathode in 2016.88 In 2017, they reported in situ Eglinton coupling process to synthesize

ultrathin GDY nanosheets on copper nanowires as lithium-ion battery anodes.31 Lu and

co-workers developed an in situ Glaser-Hay coupling method to synthesize CdS-GDY

heterojunction for enhanced photocatalytic activity of hydrogen production in 2018.89

Almost all the reported methods require metallic copper as a substrate, which severely

limits the yield of GDY and its large-scale application because of the high cost and low

specific surface area (SSA) of copper substrate.Most efforts were devoted to the synthe-

sis of GDY compounds with other substances and gained great performance improve-

ment in various fields. However, large-scale synthesis of monocrystalline GDY still re-

mains a burning question and needs to be solved urgently.
Explosion Method

In 2017, Li and co-workers reported an explosion method to synthesize large-scale

GDY powder in a very short time for an advanced battery anode application.90 In this

method, HEB could homogeneously couple with each other in the solid phase, which

means almost every HEB could react to prepare GDY, leading to the high yield of

GDY (up to 98%). GDY powders with three different morphologies, including GDY

nanoribbons, 3D GDY framework, and GDY nanochains, were synthesized by simply

changing the atmosphere and heating rate of HEB precursors.
3D Substrates-Mediated Synthesis of GDY

Although a large scale of GDY powders can be gained rapidly with the explosion

method, some problems are still unsolved, including monomer stability, side reac-

tions, and orientation. On a proper substrate, HEB molecule can be forced into

one plane when coupling reactions occur. Obviously, the yield of GDY depends

on the surface area of substrate. In order to increase the yield of GDY, hierarchical

GDY-based architecture is synthesized for efficient solar steam generation using

copper foam-coated CuO coaxial nanowires as substrate that has higher surface

area than copper foil (Figure 7A).56 Figures 7B and 7C show the well-controlled

structures of GDY coated on CuO nanowires. The quality of GDY could be further

evidenced by the Raman spectrum shown in Figure 7D, where the peak at

2,178.9 cm�1 can be assigned to the vibration of conjugated diyne links, indicating

highly ordered GDY were successfully prepared.

However, the yield of GDY is still restricted by the low production and high cost of 3D

copper foam. The weight of the GDY-based architecture was mainly from the sub-

strate. The surface area of substrate was not large enough to support GDY. The con-

trol and regulation of such copper-substrate-based method have become more and

more delicate, and more ingenious design is needed to synthesize large-scale GDY

with high crystalline. To further increase the yield of GDY, a naturally abundant diat-

omite was used as a template to prepare freestanding 3DGDY powder (Figure 7E).33

Diatomite has a hierarchical porous structure and large surface area, providing a

feasible way for massive production of GDY with low cost, which would really give

opportunity to future industrial preparation and application. In this method, copper

nanoparticles (CuNPs) were primarily absorbed on the surface and in the holes of
14 Chem 6, 1–19, August 6, 2020



Figure 7. Scale-Up Production of GDY

(A) Schematic illustration of GDY-based hierarchical architecture.

(B and C) SEM images of the copper foam coated by GDY-CuO coaxial nanowires.

(D) Typical Raman spectrum of GDY nanowalls grown on nanowires. Reprinted with permission from Gao et al.56 Copyright 2017 American Chemical

Society.

(E) Schematic illustration of the experimental setup for the 3DGDY synthesis using diatomite as template.

(F and G) SEM images of 3DGDY.

(H) Raman spectra of 3DGDY, GDY@Cu@diatmoite, and diatomite. Reprinted with permission from Li et al.33 Copyright 2018 Wiley-VCH.

(I) Schematic illustration of the experimental setup for the GDY/G heterostructure synthesis through a solution-based vdW epitaxy method.

(J and K) SEM (J) and (K) TEM images of GDY/G.

(L) Raman spectra GDY/G and reduced graphene oxide (rGO). Reprinted with permission from Li et al.58 Copyright 2019 Wiley-VCH.
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diatomite. Then the alkyne coupling reaction occurred on the diatomite surface. Af-

ter the reaction completed, diatomite was wrapped in GDY flakes (GDY@Cu@diato-

mite). Porous 3DGDY with freestanding structure was obtained after carefully

removing the residual copper and diatomite by etching reagents. Figure 7F shows

the round cake-like 3DGDY after etching diatomite and CuNPs. Figure 7G displays

the internal structure of 3DGDY, in which the GDY flakes are connected by hollow

GDY columns that play the key role in protecting the freestanding structure of

3DGDY from collapsing. Figure 7H shows typical Raman spectra of 3DGDY, GDY@-

Cu@diatomite, and diatomite, in which four dominant peaks appear at 1,364, 1,563,

1,931, and 2,176 cm�1 in Raman spectrum of 3DGDY. Two bands at 1,931 and

2,176 cm�1 are derived from the vibration of the conjugated diyne linkage and car-

bon-carbon triple bond, respectively, which reveal the highly orderedGDY powders.

Massive Production of GDY/Graphene Heterostructure

Based on the above discussion, there are two main strategies to achieve large-scale

production of GDY: direct synthesis of GDY in solid phase and on a substrate with
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large surface area. Although direct synthesis in solid phase with explosion method

could gain a high yield of GDY up to 98%, most area of GDY still remain amorphous,

which may result from the large energy burst in a short time, making HEB unstable

and with no substrate or interface, the HEB molecule could rotate during the reac-

tion. With the increasing surface area of the substrate, the yield of GDY could in-

crease. The traditional solid substrate with high surface area could not have a strong

enough interaction with GDY or HEB, which means HEB may rotate during reaction,

and the quality of GDY will still have room for improvement. Considering the facile

synthesis of an ultrathin single-crystalline GDY film on graphene through a solution-

phase vdW epitaxial strategy,21 the liquid-exfoliated graphene with large-scale pro-

duction, low cost, and high surface area was used as an epitaxy template to achieve

massive production of few-layered GDY with high crystallinity (Figure 7I).58 Gra-

phene sheets were prepared from graphite through liquid exfoliation and were

dispersed in pyridine. Then, Eglinton coupling reaction was carried out in the pres-

ence of HEB and Cu(OAc)2 at room temperature. Thanks to the vdW interaction and

lattice match between GDY and graphene, few-layered GDY grew on both sides of

the graphene sheets. The SEM image of GDY/graphene (GDY/G) is shown in Fig-

ure 7J, in which GDY/G heterostructure maintains the morphology of graphene

with increased thickness. TEM image in Figure 7K confirmed that the morphology

of GDY/G was consistent with that of graphene sheets, indicating the in-plane

growth of GDY on graphene. Figure 7L showed the typical Raman spectra of

different samples. Distinct peak at 2,174 cm�1 could be clearly seen in the Raman

spectra of GDY/G, indicating highly ordered GDY.

By controlling the surface area of the substrate, utilizing the solid/liquid interface,

and employing graphene as a surface template, the yield and quality of GDY were

well improved. Up to now, the SSA of GDY/G powder was measured to be as high

as 390.6 m2$g�1, which was more than 3-fold higher than that of pristine GDY pow-

der. The achievement in GDY powder synthesis would contribute a lot to the appli-

cations and research in various domains. Based on the above discussion, the bot-

tom-up methods to synthesize large-scale highly ordered GDY have the following

key points: (1) the surface area of substrate determines the yield of GDY and (2)

the presence and the templating effect of substrate determine the quality of GDY.

It is possible to precisely control the amount of GDY powder and the quality. More-

over, doped GDY or other types of GDY with unique properties can also be obtained

by the methods discussed above. We can see that great progress will be made for

yield and quality improvement.
CONCLUSIONS

GDY has attracted great concern since it was first proposed, and much efforts have

been devoted to exploring the synthetic methods of single or few-layered GDY since

the theoretical 2D features of GDY and its unprecedented chemical and physical

properties. However, a gap still exists between the ideality and reality of GDY due

to the existence of real problems and challenges during synthetic processes of

GDY that lead to difficulties to obtain single- or few-layered GDY with large-area

and long-ordered structure. This review summarizes the latest progress on synthetic

methodology of GDY in the aspect of basic acetylenic coupling reactions, control-

lable synthetic methods, and scale-up production. Cu-mediated wet chemical syn-

thetic processes have been demonstrated to be ideal methods to synthesize GDY.

The thickness and crystallinity of GDY can be well controlled through the developed

confined methods taking advantage of catalyst concentration gradient, vdW

epitaxy, interfacial space, and temperature gradient, such as catalyst, monomer,
16 Chem 6, 1–19, August 6, 2020
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and interface-confined synthetic methods. In addition, accessible methods show

fine-tuned growth of few-layered GDY with large crystal domain. In order to

approach the practical applications, some massive production methods are devel-

oped to synthesize large-scale GDY via controlling the surface area of substrate,

even employing an epitaxy substrate with high surface area. As a result, powder-

like GDY/G heterostructure with the surface area as high as 390.6 m2$g�1 was pre-

pared with high crystallinity and yield, which provides a great possibility for the in-

dustrial applications of GDY in the future.

These typical works shown above offer the unprecedented opportunities in crystal-

linity and structural robustness. Especially developing a feasible method to obtain

the monolayered single crystal GDY is vital. However, this would not be an easy

case and several challenges have to be resolved. For instance, investigating appro-

priate reaction conditions to improve the stability of monomers and coupling effi-

ciency form the foundation. At the same time, confined growth also can be evolved

through introducing external field (e.g., photosource, electrostatic field, magneto-

static field, and dynamic electromagnetic field at different frequencies). It is crucial

to develop a common approach of mass production for practical applications. On

the other side, GDY, a novel 2D carbon materials, should find killer applications

on the basis of intrinsic properties. GDY has a uniformly distributed porous frame-

work, large p-conjugated systems, and appropriate band gap exerting promising

potential in the separation of mixed gases, water remediation, catalysis, and en-

ergy-related fields. We believe that the gap will be bridged through rational design

and synthetic methods in the future.
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