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Abstract 

Graphynes (GYs) are a series of artificial carbon allotropes composed of sp- and 

sp
2
-hybridized carbon atoms. Although theoretical studies predict many possible GY 

structures, synthesizing them as real materials is extremely challenging. Among a few 

synthesized GYs, γ-GY has attracted extensive research interest over the past decade 

because it is predicted to possess fascinating properties such as direct bandgap, 

tunable electronic structure, high carrier mobility, two-dimensional ultrathin nature, 

and nanoporosity. This review first describes the structures and intrinsic properties of 

γ-GY predicted using theoretical calculations and introduces its potential applications 

based on the predicted properties. Further, this review summarizes the reported 

synthesis methods of γ-GY, including mechanochemical synthesis, Sonogashira 

coupling, Castro–Stephens coupling, and alkyne metathesis, and discusses their 

advantages and limitations. The material quality of γ-GY synthesized by each method 

is evaluated according to characterization results. Finally, this review outlines the 

challenges and opportunities in this field, critically highlighting that at present, most 

of the synthesized γ-GY materials lack long-range structural order and precise control 

over the layer number, defects, and impurities. As the synthesis of a well-defined 
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high-quality material is the basis for reliable mechanistic and performance studies, 

this review aims to inspire the development of more efficient synthesis methods for 

γ-GY and other types of GYs. 
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1. Introduction 

Carbon exhibits linear sp, trigonal sp
2
, and tetrahedral sp

3
 hybridization states, and 

their various combinations can, in principle, result in novel allotropes different from 

the commonly known diamond, graphite, buckminsterfullerene, and graphene [1,2]. In 

1987, Baughman and coworkers proposed a series of two-dimensional (2D) carbon 

allotropes composed of sp- and sp
2
-hybridized carbon atoms [3]; these allotropes are 

collectively referred to as graphynes (GYs). Since the theoretical prediction of the 

possible existence of GYs, considerable research has been conducted on their 

experimental synthesis as real materials; this research has been driven by their 

fascinating properties, including 2D ultrathin nature, coexistence of sp and sp
2
 carbon, 

high π conjunction, tunable electronic structures, and uniformly distributed nanopores 

[2,4]. These properties imply advanced applications in the fields of energy storage 

[5-10], photocatalysis [11-13], electrochemical catalysis [14-19], and sensing [20-23]. 

A typical structure of GYs can be realized by inserting sp-hybridized carbon–

carbon triple bonds (ethyne units) into an sp
2
-hybridized carbon framework (e.g., 

graphene) (Fig. 1a) [24]. Based on the number (n) of ethyne units between two 

sp
2
-hybridized carbon atoms, GYs are classified into different categories, such as GY, 

graphdiyne (GDY), graphtriyne, and graph-n-yne (Fig. 1b) [25]. In principle, there 

exist infinite combinations of sp- and sp
2
-hybridized carbon corresponding to an 

infinite number of structures; however, at present, GY and GDY are the two main 

families predicted to be structurally and thermodynamically stable [3]. 
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GY and GDY are also the most common experimentally studied groups because of 

the lack of effective synthetic strategies for graph-n-ynes (n ≥ 3). Depending on the 

combinations of sp- and sp
2
-hybridized carbon atoms, three types of GY or GDY are 

proposed, and they are labeled using the prefixes α, β, and γ (Fig. 1c) [26]. Unlike 

zero-bandgap α- and β-GY/GDY with metallic behaviors [27], γ-GY and γ-GDY 

exhibit semiconductor properties with direct bandgaps [28-31]. Moreover, γ-GY and 

γ-GDY contain benzene rings in their structures; therefore, they are more stable than 

α- and β-GY/GDY [3]. The combination of direct bandgap, ultrathin characteristics, 

and high stability makes γ-GY and γ-GDY potential semiconductor materials for 

next-generation electronic devices. In addition, γ-GY and γ-GDY have been more 

extensively studied because of the extremely limited synthesis methods available for 

α- and β-GY/GDY. 

Although some synthetic strategies were proposed based on retrosynthetic 

analysis, the synthesis of high-quality γ-GY/GDY materials remains challenging. For 

γ-GDY, which is relatively easier to synthesize than γ-GY, the most commonly used 

method is the alkyne coupling reaction of hexaethynylbenzene (HEB) that was first 

reported in 2010 [32]. As this method is highly effective, extensive research was 

conducted on γ-GDY [7,33-41], and several review papers summarized the relevant 

research progress [2,4,42-46]. In contrast, fewer studies focused on γ-GY because of 

the difficulties in its synthesis. 

Retrosynthetic analysis indicates that the construction of phenylene–ethynylene–

phenylene fragments between benzene rings is the key to synthesizing γ-GY; this can 

be achieved in two possible ways. First is a C−C coupling reaction between the sp 

carbon of alkyne and the sp
2
 carbon of a halogen-substituted precursor; an example of 

this type of reaction is the Sonogashira coupling. Second is alkyne metathesis to 

reconstruct carbon–carbon triple bonds between benzene rings. Recently, γ-GY was 

successfully synthesized based on these strategies [47-51], paving the way toward 

expanding the research on γ-GY from theory to experiments. 

In this review, we discuss the challenges of synthesizing γ-GY from a chemical 

perspective, highlighting the recently developed synthesis methods that have led to 
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remarkable progress in this field. We also present the theoretical properties and 

potential applications of γ-GY to provide a general and comprehensive overview of 

this emerging material as a novel carbon allotrope. 

 

Fig. 1. Nomenclature and chemical structure of graphynes (GYs). (a) Schematic structure of 

graphene and GYs. Reproduced with permission from Ref. [25] Copyright 2012, Royal Society of 

Chemistry. (b) Nomenclature of GYs with different number of acetylene groups. Reproduced with 

permission from Ref. [25] Copyright 2012, Royal Society of Chemistry. (c) The chemical 

structure of α, β, and γ-GYs/graphdiynes (GDYs). Reproduced with permission from Ref. [26] 

Copyright 2016, Elsevier. 

 

2 Structure and intrinsic properties of γ-GY 

The structure of γ-GY can be regarded as a result of inserting one acetylenic 

moiety (-C≡C-) between every two adjacent sp
2
 carbon atoms in graphene [24]. The 

resulting sp and sp
2
 hybrid network has multiple advantages, including regular 

sub-nanometer-sized pores, tunable electronic properties, good chemical stability, and 
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large surface areas [2,52]. Based on density functional theory (DFT) calculations, 

Kim et al. predicated that γ-GY exhibits a 2D hexagonal p6m symmetry (a = 6.8826 

Å), containing periodically distributed triangular pores with diameters of ~3.7 Å (Fig. 

2a) [53]. The optimized bond lengths of the Csp2–Csp, Csp≡Csp, and Csp2=Csp2 bonds in 

γ-GY are 1.407, 1.2214, and 1.4237 Å [53], respectively. The formation of the 2D 

monolayer γ-GY originates from the combination of linear sp and planar sp
2
 carbon 

configurations [54]. 

The calculated heat of formation for γ-GY is 12.4 kcal g
−1

, which is comparable to 

the experimentally determined values for C60 and C70 (10.16 and 9.65 kcal g
−1

, 

respectively) [55]. It is inferred that as in the case of fullerenes, γ-GY is kinetically 

stable and resistant to graphitization despite its thermodynamic instability compared 

with graphite or diamond [55]. The binding energy of γ-GY is 7.95 eV atom
−1

, which 

is similar to that of graphite (8.87 eV atom
−1

), suggesting that γ-GY should be stable 

once synthesized [55]. Because of the substantial surface energy, a γ-GY monolayer 

has undulations and wrinkles and is not completely flat [56]. Alternatively, γ-GY can 

adopt various stacking modes to form multilayers driven by van der Waals forces and 

π–π interactions (Fig. 2b) [50], with a typical interlayer spacing of 3.27–3.51 Å 

depending on the stacking mode [57]. 
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Fig. 2. Theoretical structural parameters and intrinsic properties of γ-GY. (a) Structural and lattice 

parameters of γ-GY. Reproduced with permission from Ref. [53] Copyright 2012, American 

Physical Society. (b) Stacking models of γ-GY. Reproduced with permission from Ref. [50] 

Copyright 2022, American Physical Society. (c) Electronic band structure of γ-GY along M–Γ–K 

lines. Reproduced with permission from Ref. [53] Copyright 2012, American Physical Society. (d) 

Bandgaps of armchair/zigzag γ-GY nanoribbons with different widths. Reproduced with 

permission from Ref. [29] Copyright 2011, AIP Publishing LLC. (e) Strain–stress profiles of γ-GY 

along the armchair (x-axis) and zigzag (y-axis) direction. Reproduced with permission from Ref. 

[58] Copyright 2011, Elsevier. (f) Variation in the bandgap versus strain value calculated from 

GGA–PBE (left) and HSE06 hybrid (right) functional. Reproduced with permission from Ref. [59] 

Copyright 2013, American Physical Society. 

First-principles calculations demonstrated that the monolayer γ-GY is a 

semiconductor material with a natural bandgap [53]. Simulation of the electronic band 

structure indicated that the monolayer γ-GY has a direct bandgap at the M point in the 

hexagonal Brillouin zone (Fig. 2c). The minimal bandgap of the monolayer γ-GY was 

calculated to be in the range of 0.46–1.22 eV depending on the applied method and 
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exchange–correlation functional [24]. For example, Xia et al. obtained a bandgap of 

0.46 eV for γ-GY using the generalized gradient approximation Perdew–Burke–

Ernzerhof (GGA–PBE) method [28]. Narita et al. predicted a bandgap of 0.56 eV for 

γ-GY at the DFT–local-density approximation level [60]. Kim et al. found that the 

bandgap of γ-GY greatly depends on the length of the triple bond [53]. The bandgap 

increases with decreasing triple bond length. Furthermore, the position of the Dirac 

cone can be tuned along the M–Γ line by changing the triple bond length. When the 

triple bond length is in the equilibrium state of 1.2214 Å, the electronic wave function 

is localized at the triple bond; in contrast, the wave function becomes delocalized 

along the four carbon atoms between two benzene rings if the triple bond length 

increases to 1.2780 Å [53]. 

As in the case of graphene, monolayer γ-GY exhibits two surface termination 

types; namely, armchair and zigzag because of structural anisotropy. Theoretical 

calculations revealed that armchair and zigzag γ-GY nanoribbons exhibit 

semiconducting properties with width-dependent bandgaps of 0.59–1.25 and 0.75–

1.32 eV, respectively [29]. For both armchair and zigzag γ-GY nanoribbons, the 

bandgap decreases as the width of the nanoribbon increases (Fig. 2d). Armchair γ-GY 

nanoribbons are nonmagnetic semiconductors, while zigzag γ-GY nanoribbons are 

either antiferromagnetic or nonmagnetic semiconductors depending on their width 

[61]. To date, all theoretical studies on the semiconductor properties of γ-GY were 

based on the monolayer structural model, while only one experimental study reported 

a bandgap of 0.48 eV for a multilayer ABC-stacked γ-GY [50]. 
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The mechanical properties of γ-GY have been extensively discussed [28,59,62-65]. 

Theoretical calculations indicate that the in-plane stiffness of monolayer γ-GY is in 

the range of 170–240 N m
−1

, which is smaller than that of graphene [65]. Uniaxial 

tensile tests indicated that the failure threshold of the γ-GY network is 

direction-dependent and that Young’s moduli in the armchair and zigzag directions are 

532.5 and 700.0 GPa, respectively (Fig. 2e) [58]. 

Further, γ-GY has a strain-dependent bandgap. As shown in Fig. 2f, the bandgap 

of γ-GY increases with the value of homogeneous biaxial tensile strain (H-strain) and 

decreases under uniaxial strains regardless of the strain type [59]. 

3 Potential applications of γ-GY 

Owing to its regular porous structure and unique electronic properties, γ-GY has 

numerous potential applications. For example, the nanosized pores can be used to 

accommodate ions for energy storage [66,67], while the highly π-conjugated 

electron-rich framework can provide strong d–π interaction with transition metals 

(TMs) [68] to prepare single-atom catalysts [69-71]. 

Liu et al. performed DFT calculations to investigate the energetics and dynamics 

of Li transformation in γ-GY [66]. The results show that the π-bond between 

sp
2
-hybridized carbon atoms and that between sp-hybridized carbon atoms mainly 

contribute to the highest occupied valence band (HOVB). The lowest unoccupied 

conduction band (LUCB) arises mainly from the π-bond between the sp
2
- and 

sp-hybridized carbon atoms (Fig. 3a). When adsorbing Li, the electrons gained 

through charge transfer prefer to reside in the LUCB region (i.e., between the sp
2
- and 
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sp-hybridized carbon atoms) of γ-GY. Consequently, the triangular pores 

encompassed by sp
2
- and sp-hybridized carbon atoms are the most energetically 

preferable sites for the adsorption of positively charged Li. Moreover, the calculations 

indicate that the energy barrier for Li diffusion from one side of the γ-GY layer to the 

other along the triangular pore is much lower than that along the benzene ring (Fig. 3b 

and 3c). For multilayer γ-GY, Li transport can occur in both in-plane and out-plane 

directions with moderate energy barriers ranging from 0.53 to 0.57 eV; this is 

different from the case of graphite, where Li diffusion is confined to the interlayer 

space (Fig. 3d-g) [32]. In addition, γ-GY exhibits a higher Li storage capacity than 

graphite (LiC4 vs. LiC6) (Fig. 3h and 3i). The high Li mobility and storage capacity 

make γ-GY a promising anode material for Li-ion batteries [66]. 

Hydrogen storage is another potential application of γ-GY [72]. The Kubas 

interaction, which refers to the hybridization of d orbitals in TMs and σ/σ* orbitals in 

H2 molecules, is known to enhance the binding energy of H2 [73]. It was later found 

that calcium ions (Ca
+
 or Ca

2+
) can also result in Kubas interactions with H2 

molecules [74]. Based on these understandings, Lee et al. explored reversible 

room-temperature hydrogen storage on Ca-decorated γ-GY using equilibrium 

statistical thermodynamics [67]. They found that using γ-GY as a support material to 

disperse Ca ions effectively inhibited the aggregation or clustering of these ions, 

which is critical for maintaining the H2 storage capacity. According to their 

calculations, up to five H2 molecules can be adsorbed on one Ca atom with a binding 

energy of ∼0.2 eV per H2 molecule, resulting in a hydrogen storage capacity of ∼7 wt% 
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[67]. Subsequent research indicated that Li, Na, and Ti atoms supported on γ-GY also 

exhibit good hydrogen storage capacities [72,75-78]. For example, Jiao et al. 

demonstrated that the hydrogen storage capacity of Na-decorated γ-GY reached 5.98 

wt% with an average adsorption energy of −0.25 eV per H2 molecule [78]. 

 

 

Fig. 3. Diffusion behaviors of Li in bulk γ-GY. Reproduced with permission from Ref. [66] 

Copyright 2011, American Physical Society. (a) Isosurfaces of the electron density of the highest 

occupied valence band (HOVB) and lowest unoccupied conduction band (LUCB). The isovalue is 

0.05 e Å
−3

. Energy profiles for Li passing through the small hexagon (b) and the large hexagon (c) 

on a γ-GY layer as a function of adsorption height. The energies of the equilibrium adsorption 

configurations are set to zero, respectively. In-plane diffusion pathway of Li in bulk γ-GY (d) and 

the corresponding energy profile as a function of intercalation sites (e). Out-plane diffusion 

pathway of Li in bulk γ-GY (f) and the corresponding energy profile as a function of intercalation 

sites (g).) Top view (h) and side view (i) of optimized Li-intercalated γ-GY compound LiC4. 

The strong d–π interactions between γ-GY and metal atoms have aroused 

extensive interest in γ-GY–supported transition/noble metal (NM) single-atom 

catalysts [69,79-81]. Six possible adsorption sites on γ-GY for anchoring metal single 
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atoms were investigated: (i) the center of the hexagonal benzene ring (H1), (ii) the 

center of the triangular acetylenic ring (H2), (iii) the bridge site between sp
2
 and sp 

atoms (B1), (iv) the bridge site between two sp atoms (B2), (v) the bridge site 

between two sp
2
 atoms (B3), and (vi) the corner site of the acetylenic ring (C) (Fig. 4a) 

[69]. The calculated adsorption energies indicated that H2 is the most preferred 

adsorption site for metal atoms on GY (Fig. 4b) [69]. For NM atoms, the binding 

strength decreases in the order of Ir > Ru > Pt > Rh > Pd > Au with adsorption 

energies of 5.24, 4.61, 4.31, 3.74, 2.67, and 0.99 eV, respectively (Fig. 4c and 4d) [69]. 

The binding energies of NM single atoms on γ-GY are considerably larger than those 

on graphene [79,82,83] because the p/p* orbitals of the triple bonds directly point 

toward the metal atoms. The adsorption energies of single atoms of Fe, Co, and Ni on 

γ-GY are 4.52, 5.26, and 5.26 eV, respectively, which are higher than the 

corresponding energies on graphene [79,80]. 

The γ-GYsupported Fe single-atom catalyst exhibits a high catalytic activity for 

CO oxidation (Fig. 4e), which proceeds via the Eley–Rideal mechanism with a low 

energy barrier of ~0.21 eV in the rate-limiting step [70]. In acidic media, the 

γ-GYsupported Fe and Co single-atom catalysts can catalyze the oxygen reduction 

reaction through an efficient four-electron reduction mechanism [81]. The 

γ-GYsupported Cu single-atom catalyst (Fig. 4f) exhibits excellent catalytic 

efficiency for CO2 electroreduction and hydrogen evolution reactions [71]. Similarly, 

Ru-decorated γ-GY can efficiently catalyze the CO reduction reaction via the 

Langmuir–Hinshelwood path with the highest energy barrier of ~0.7 eV, which is 

attributed to the rapid charge transfer and orbital hybridization between the adsorbates 

and Ru atoms (Fig. 4g) [69]. 
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Fig. 4. Structural configuration of γ-GY–supported single metal atoms and their catalytic reactions. 

(a) Atomic configuration of a bare 2 × 2 γ-GY sheet. Reproduced with permission from Ref. [69] 

Copyright 2015, Elsevier. (b) Atomic configurations for the diffusion of the Ru atom from the H2 

to H1 sites, including the initial state (IS), transition state (TS), and final state (FS). The value 

shows the energy change between two neighboring states. Reproduced with permission from Ref. 

[69] Copyright 2015, Elsevier. Top and side views of the geometric structures for the adsorption of 

Pt (c), Ru (d), Fe (e), and Cu (f) single atoms at the H2 site on γ-GY. Reproduced with permission 

from Ref. [69-71] Copyright 2015, Elsevier; Copyright 2015, Royal Society of Chemistry; 

Copyright 2020, Royal Society of Chemistry. (g) Atomic configurations and the relevant structural 

parameters (in Å) of the IS, TS, FS, and intermediate state (MS) along the minimum-energy path 

for CO oxidation on Ru-GY via the Langmuir–Hinshelwood mechanism (CO + O2 → OOCO → 

CO2 + O). The figure shows the side and top views, as well as the energy change between 

neighboring states. Reproduced with permission from Ref. [69] Copyright 2015, Elsevier. 

 

4 Experimental synthesis of γ-GY 

The synthesis of an extended γ-GY network has long been a challenge since it was 

theoretically predicted. An early study suggested that γ-GY can be prepared by the 

controlled oligotrimerization of cyclo(12)carbon (compound 1 in Fig. 5) [84]. 
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However, subsequent mass spectrometry characterization revealed that 1 is not stable 

enough for this reaction. HEB (compound 2 in Fig. 5) was considered a feasible 

reactant for constructing the γ-GY structure [55,85]. However, the lack of suitable 

condensation reactions and the high sensitivity of HEB to heat and oxygen make this 

method difficult. Due to the difficulty of directly synthesizing γ-GY with an extended 

network, people turned to explore the synthesis of its various structural segments, 

which are macrocyclic molecules generally referred to as dehydrobenzoannulenes 

(DBAs) (Fig. 5). Haley et al. synthesized three DBAs (a, b, and c in Fig. 5) using an 

intramolecular cyclization strategy [86]. Yobe et al. synthesized DBAs d and e (Fig. 5) 

using intramolecular coupling followed by double elimination [87]. Recently, Wu et al. 

synthesized a γ-GY spoked wheel (DBA f in Fig. 5) with six-fold symmetry through 

Co-catalyzed cyclotrimerization of a triyne intermediate followed by 12-fold 

intramolecular Stille coupling reactions [88]. As the most complete substructure of 

γ-GY prepared to date, DBA f was characterized using x-ray crystallography and 

nuclear magnetic resonance (NMR) analysis to confirm its structure, and its expected 

optical and electrochemical properties were verified. 
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Fig. 5. Proposed synthetic strategies toward γ-GY and the synthesis of subunits. Reproduced with 

permission from Ref. [55] Copyright 2008, Walter de Gruyter GmbH. Some synthesized 

dehydrobenzoannulenes (DBA a–f), which can be regarded as structural segments of γ-GY. 

Reproduced with permission from Ref. [86-88] Copyright 2000, American Physical Society; 

Copyright 2006, American Physical Society; Copyright 2022, Elsevier. 

 

Mechanochemical synthesis 

Controlled C−C coupling between an alkyne and a halogen (Br or I)-substituted 

precursor is another strategy for preparing γ-GY. Cui et al. reported the first 

preparation of an extended γ-GY network using a mechanochemical method [47]; in 

this method, the cross coupling of CaC2 and hexabromobenzene (PhBr6) was driven 

by ball milling (Fig. 6a). The reaction yielded a solid material, which was 

                  



15 

 

subsequently investigated using various characterization techniques. Transmission 

electron microscopy (TEM) revealed that the obtained material consists of irregularly 

shaped particles (Fig. 6b). The selected area electron diffraction (SAED) pattern 

acquired from this material was indexed using the theoretically predicted γ-GY 

structure (Fig. 6c). Atomic force microscopy (AFM) revealed the 2D morphology and 

layered structure of the as-prepared γ-GY (Fig. 6d). Solid-state 
13

C NMR indicated 

that the prepared γ-GY was composed of two kinds of carbons (sp and sp
2
 carbon 

atoms). In the Raman spectrum, two intense bands were observed at 1348 and 1585 

cm
−1

, and they could be assigned to the D and G bands, respectively (Fig. 6e) [89,90], 

while the weak band at 2200 cm
−1

 was attributed to the carbon–carbon triple bonds in 

γ-GDY [91]. X-ray photoelectron spectroscopy (XPS) results indicated that the 

material was primarily composed of carbon with trace amounts of oxygen, and the 

four components of the C1s peak at 284.2, 285.1, 286.7, and 289.3 eV were assigned 

to the carbon–carbon double, carbon–carbon triple, carbon–oxygen single, and 

carbon–oxygen double bonds, respectively (Fig. 6f).  

The mechanochemically synthesized γ-GY powder was used as an anode material 

in lithium ions batteries to improve Li
+
 storage performance (Fig. 6g) [48]. The 

prepared γ-GY anode exhibited a high reversible capacity of ~1104.5 mAh g
−1

 at a 

current density of 200 mA g
−1

 and excellent rate performance (Fig. 6g and 6h). The 

electrode also exhibited a superior cycling stability of 730.4 mAh g
−1

 after 600 cycles 

at a current density of 1 A g
−1

. 
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Mechanochemical synthesis of γ-GY via ball milling was later realized using 

low-cost benzene and CaC2 as starting materials [92]. In the oxygen evolution 

reaction, the as-synthesized γ-GY exhibited a Tafel slope of 57 mV dec
-1

 and low 

overpotential of 290 mV at a current density of 100 mA cm
-2

 [92]. The γ-GY 

synthesized in this way was exfoliated into nanosheets, showing ultrafast saturable 

absorption and advanced Q-switching performance in the near infrared region [93]. 

Yun et al. synthesized γ-GY powder using a modified mechanochemical method 

[94]. When used as an adsorbent for wastewater treatment, the synthesized γ-GY 

showed high adsorption capacities for various dyes, including rhodamine B (386.10 

mg g
−1

), methyl blue (357.14 mg g
−1

), and Sudan red (254.45 mg g
−1

) [94].  

Ultrasound was also used to promote the growth of γ-GY from PhBr6 and CaC2 in 

absolute ethanol [95]. The obtained γ-GY showed considerable potential as an 

electrode material for supercapacitor and photoelectrochemical catalysis. When used 

for supercapacitor, it delivered a maximum specific capacitance of 81 F g
-1

 at 0.2 A g
-1

 

and a capacitance retention rate of 87.5% after 5000 cycles at 3 A g
-1

 [95]. 

Although mechanochemical synthesis is a simple method to prepare γ-GY, it is 

conceivable that amorphous carbonaceous materials and unreacted starting materials 

are present in the product because efficient procedures to remove them are lacking. 

Consequently, mechanochemical synthesis of γ-GY is unreliable with poor product 

reproducibility. For example, γ-GY samples prepared in two studies by Cui et al. 

showed inconsistent Raman spectra [47,48]. Moreover, the Raman bands associated 

with carbon–carbon triple bonds were abnormally weak for both samples, indicating a 

                  



17 

 

low degree of polymerization or the presence of structural defects [47,48]. Overall, 

γ-GY prepared by mechanochemical synthesis generally has low quality, and it is 

necessary to further optimize the synthesis process or develop effective purification 

methods. 

 

 

Fig. 6. Synthesis of γ-GY via mechanochemistry and its applications. (a) Schematic illustration of 

the preparation of γ-GY [48]. Transmission electron microscopy (TEM) images (b), selected area 

electron diffraction (SAED) patterns (c), atomic force microscopy (AFM) image (d), Raman 

spectrum (e), and x-ray photoelectron spectroscopy (XPS) C1s narrow spectrum (f) of the 

as-prepared γ-GY. Reproduced with permission from Ref. [47,48] Copyright 2018, Elsevier; 

Copyright 2019, John Wiley and Sons. (g) Cycle performance of γ-GY based Li-ion battery anode 

at a current density of 200 mA g
−1

. The inset shows the top view of theoretical model of Li storage 

in γ-GY. (h) Rate performance of γ-GY based Li-ion battery anode. (g) and (h) are reproduced 

with permission from Ref. [48] Copyright 2018, Elsevier. 
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Sonogashira coupling reaction 

The Sonogashira reaction is a common method for C−C coupling between a terminal 

alkyne and an aryl or vinyl halide; it can be used to synthesize γ-GY [96]. Rodionov 

et al. synthesized multilayer γ-GY via the Sonogashira coupling reaction using 

1,3,5-tribromo-2,4,6-triethynylbenzene (TBTEB), Pd(PdPh3)4, and pyridine as the 

monomer, catalyst, and solvent, respectively (Fig. 7) [50]. In the absence of catalysts, 

TBTEB decomposed in hot pyridine, yielding an amorphous carbonaceous material 

(Fig. 7a). When a stoichiometric amount of Pd(PdPh3)4 and a Cu foil were added to 

the TBTEB in hot pyridine, a black lustrous material consisting of submicron 

crystalline domains with random orientation was obtained. When Pd(PdPh3)4 and CuI 

were used, the reaction yielded γ-GY in the form of hexagonal flakes, suggesting 

drastically enhanced crystallinity (Fig. 7b and 7c). The Raman spectrum confirmed 

that the bond structure of the synthesized γ-GY is consistent with theoretical 

predictions (Fig. 7d) [91]. Powder x-ray diffraction (PXRD) results revealed the 

(101̅0) and (0003) reflections of multilayer γ-GY (Fig. 7e). Electron diffraction 

confirmed the high crystallinity of γ-GY prepared using the optimized homogeneous 

Pd(PPh3)4/CuI protocol (Fig. 7f). These results demonstrate that crystalline γ-GY can 

be prepared via the irreversible Sonogashira coupling reaction, which differs from the 

traditional view that a reversible reaction is necessary to synthesize a crystalline 

framework from molecular building units. The authors of this work referred to this 

result as “the synthesis of multilayer γ-GY through crystallization-assisted irreversible 

cross-coupling polymerization.” 
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Compared with γ-GY obtained by mechanochemical synthesis [47,48], γ-GY 

prepared via the Sonogashira coupling reaction showed a more reasonable Raman 

spectrum with a higher signal-to-noise ratio, suggesting better product quality and 

purity. Moreover, the Raman spectrum of γ-GY prepared via the Sonogashira reaction 

had a single CC stretching vibration band at 2197 cm−1
, which is consistent with the 

result of a previous theoretical study [91]. In contrast, the Raman spectrum of the 

mechanochemically synthesized γ-GY samples had two CC stretching vibration 

bands at approximately 1950 and 2200 cm
−1

. This discrepancy suggests that the 

Sonogashira coupling reaction is superior to mechanochemical synthesis in preparing 

high-quality γ-GY. 
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Fig. 7. Scalable synthesis and characterization of multilayer γ‑ GY. Reproduced with permission 

from Ref. [50] Copyright 2022, American Physical Society. (a) Overview of the selected reaction 

conditions and the structure of γ‑ GY. (b) Representative bright-field TEM and scanning electron 

microscopy (SEM) images of the carbon flakes obtained from the Pd(PPh3)4/CuI homogeneous 

reaction. Inset in (b) emphasizes the hexagonal shape of the layer. (c) SEM image of γ-GY. (d) 

Raman spectrum measured using an excitation wavelength of 405 nm (4.3 mW). (e) Synchrotron 

powder x-ray diffraction (PXRD) pattern (0.728 Å radiation) of γ-GY produced by the 

Pd(PPh3)4/CuI protocol. Left inset (red): peak at a 2θ of 7.0° superimposed with the modeled 

(10 1̅0) peak for γ-GY with P3112 stacking. Right inset (black): peak at a 2θ of 12.0° 

superimposed with the (0003) peak for the same model. The dashed blue line is the (0002) peak 

center for graphite. (f) Representative SAED pattern (white) overlaid with the simulated SAED 

pattern (red) of γ-GY. 

 

Castro–Stephens coupling reaction 

Using TBTEB as a monomer, Lee et al. synthesized a 2D single-crystalline holey 

γ-GY via a Castro–Stephens-type coupling reaction in the presence of Cu(OAc)2 and 
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pyridine (Fig. 8) [97]. Holey γ-GY is composed of a pattern of six-vertex rings and 

highly strained eight-vertex rings; it can be considered a new type of 2D carbon 

allotrope because it differs from traditional γ-GY in terms of the connection mode of 

benzene rings and carbon–carbon triple bonds (Fig. 8a) [98]. Notably, the method 

used to synthesize holey γ-GY is not the traditional Castro–Stephens coupling 

reaction that uses a Cu(I) alkynyl compound as the reactant. Moreover, Cu(OAc)2 and 

pyridine were used as catalyst and organic base, respectively, for the alkyne coupling 

(i.e., Eglinton coupling) of HEB to synthesize γ-GDY [99]. It is unclear why alkyne 

coupling did not occur during the synthesis of holey γ-GY but only the coupling 

between alkyne and aryl halide occurred, given that both reactions are possible for the 

monomer used (i.e., TBTEB). 

The as-prepared holey γ-GY has a sheet-like morphology with a thickness of ~5.3 

nm, which corresponds to 15 atomic layers considering an interlayer distance of ~0.36 

nm (Fig. 8b8d). TEM images combined with image simulation confirmed the 

in-plane structural order in holey γ-GY (Fig. 8e and 8f) and the “AB” stacking mode 

(Fig. 8b). However, the x-ray diffraction results showed only one diffraction peak 

related to the interlayer d spacing, indicating that this material has overall low 

crystallinity, though structural order can be observed locally in small domains. 

The holey γ-GY has a bandgap of ~1.1 eV, which was determined by diffuse 

reflectance spectroscopy based on the direct transition from the Kubelka–Munk 

function (Fig. 8g and 8h). The conduction band minimum (CBM) and the valence 

band maximum (VBM) originated from the p* and p band states, respectively, while 
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the band dispersion primarily originated from the overlap of the 2Pz orbitals of carbon 

atoms (Fig. 8i). The wave function of a pair of orbitals at the K point of CBM and 

VBM was plotted (Fig. 8j). Monolayer HGY can be assigned to two sets of lattices, 

namely, hexagonal and orthogonal (Fig. 8k). Based on the deformation potential 

theory, the transport properties of HGY in the x and y directions of the orthogonal 

lattice were calculated (Fig. 8l). The hole mobility and electron mobility in the x 

direction were calculated as 4.51 × 10
4
 and 1.61 × 10

4
 cm

2
 V

−1
 s

−1
, respectively. In the 

y direction, the hole and electron mobility were calculated as 2.26 × 10
4
 and 0.81 × 

10
4
 cm

2
 V

−1
 s

−1
, respectively [97]. 

 

Fig. 8. Constructing 2D holey γ‑ GY through Castro–Stephens-type coupling reaction. 

Reproduced with permission from Ref. [97] Copyright 2022, Elsevier. (a) Rational design of 
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synthetic scheme of holey γ‑ GY by the precursor monomer TBTEB. (b) The mode corresponds 

to the side and top views of the “AB” stacking of bi-layer holey γ‑ GY. (c) SEM image and 

optical microscopy image (inset) of holey γ‑ GY. (d) AFM image of holey γ‑ GY on the Si/SiO2 

substrate. (e) High-resolution TEM (HRTEM) image and its Fourier transform (inset) of holey 

γ‑ GY. (f) Magnified HRTEM image of the area highlighted by the red square in (e) and simulated 

projected potential map with “AB” stacking mode (inset the red square). (g) 3D electronic band 

structure of holey γ‑ GY. (h) Electronic band structure of holey γ‑ GY. (i) Partial density of states 

of holey γ-GY by HSEO6 functional. (j) K point degenerate valence band maximum wave 

function (Wavefunction@VBM) and conduction band minimum wave function 

(Wavefunction@CBM) for holey γ‑ GY. (k) Structure model of monolayer HGY with hexagonal 

(red line) and orthogonal lattices (blue line) (left) and the corresponding first Brillouin zones 

(right). (l) Orthogonal supercell of holey γ‑ GY, indicating the x and y directions for the mobility 

calculation. 

Alkyne metathesis 

Alkyne metathesis is another efficient method to build a phenylene–ethynylene–

phenylene fragment by redistributing alkyne chemical bonds [100]. Cross coupling 

between sp- and sp
2
-hybridized carbons is an irreversible reaction and generally fails 

to synthesize bulk polymeric materials with long-range order [101]. In contrast, 

alkyne metathesis is a dynamic reversible reaction that enables self-correction during 

polymer growth. Dynamic covalent chemistry has demonstrated great success in 

constructing crystalline ordered polymeric architectures, including single crystals of 

covalent organic frameworks [102] and helical long-range ordered covalent polymers 

[103]. Although the synthesis of γ-GY via alkyne metathesis using 

1,2,3,4,5,6-hexapropynylbenzene (HPB) as a monomer was proposed [104], initial 

attempts were unsuccessful because of the difficulty in preparing an efficient catalyst. 

This problem was overcome by Zhang et al., who developed an effective protocol that 

enables the synthesis of highly crystalline bulk γ-GY [51]. They initially used HPB as 

the only monomer for the synthesis. As shown in Fig. 9a, the alkyne metathesis 
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reaction using HPB produces 2-butyne as a byproduct in the productive pathway; 

2-butyne can be easily removed from the reaction mixture under reduced pressure 

[105] to promote the reaction and polymer growth. However, the product was a 

kinetically trapped amorphous solid with undesired disordered bond linkages [51]. 

Interestingly, when 1,2,3,4,5,6-hexakis[2-(4-hexylphenyl)ethynyl]benzene (HHEB) 

was added to the system as a comonomer, the self-correction mechanism significantly 

improved, yielding a highly crystalline product (Fig. 9a). The addition of HHEB 

played multiple roles in increasing the crystallinity of the product. First, HHEB 

drastically increased the solubility of γ-GY oligomers, promoting their further growth 

into larger ordered domains before precipitation. Second, compared to 2-butyne, the 

byproduct bis(4-hexylphenyl)acetylene has a lower kinetic barrier to reversibly react 

with the grown γ-GY fragments to correct the kinetically introduced undesired bond 

formation. Third, the structure of HHEB resembles the repeating unit of γ-GY, and 

thereby, it possibly acts as a template for γ-GY growth. At the optimized HPB/HHEB 

ratio (9/1), highly crystalline γ-GY was obtained as a dark black precipitate from the 

synthetic solution with 72% yield. 

Thin films (9–40 nm thick) were prepared by exfoliation from bulk γ-GY crystals 

for various characterizations (Fig. 9b-d). AFM observed multiple folding of the 

exfoliated thin films (Fig. 9b), indicating their high flexibility. Wide-angle x-ray 

scattering revealed that the as-prepared γ-GY adopts the ABC-stacking mode, and the 

strong intensity of the (0003) reflection indicated a long-range order in the stacking 

direction (Fig. 9e). HRTEM image showed lattice fringes with d (spacing) of 0.35 nm, 
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corresponding to the (112̅0) lattice planes (Fig. 9f). The SAED pattern did not show a 

perfect 6-fold symmetry that γ-GY is expected to possess, probably because it was 

acquired in an off-axis condition; nevertheless, the measured d values were in good 

agreement with the simulated results (Fig. 9g). 

From the perspective of material quality, among the various methods developed, 

alkyne metathesis is the most efficient method to synthesize γ-GY owing to its 

dynamic reversibility. However, alkyne metathesis requires anhydrous oxygen-free 

reaction conditions, and the catalysts used are structurally complex, highly sensitive, 

and thus difficult to prepare; these limitations hinder the large-scale synthesis of γ-GY. 

Therefore, the need to develop simpler and more cost-effective methods for the mass 

production of γ-GY remains to be addressed. 

 

 

Fig. 9. Synthesis of γ-GY using dynamic covalent chemistry. Reproduced with permission from 

Ref. [51] Copyright 2022, Springer Nature. (a) Retrosynthetic analysis shows two possible routes 

to connect sp
2
- and sp-hybridized fragments and a reversible alkyne metathesis reaction. (b) AFM 

                  



26 

 

image of the exfoliated and folded γ-GY thin film. (c) Illustration of the folding behaviors that 

correspond to the image in (b). (d) A height plot of the layered structure of exfoliated γ-GY. The 

red line indicates the thickness of the exfoliated thin flake; the multicolored line indicates the step 

changes due to the folding mechanism. (e) The experimental wide-angle x-ray scattering pattern of 

bulk γ-GY (black line) and calculated profiles of the simulated ABC, AA, and AB stacking models. 

(f) HRTEM image of γ-GY showing lattice fringes with a spacing of 0.35 nm, corresponding to 

the (112̅0) planes. (g) The experimental SAED pattern of the as-synthesized γ-GY, indexed based 

on the hexagonal ABC-stacking model. Inset: the simulated electron diffraction pattern. 

 

5 Summary and outlook 

GYs are an emerging class of 2D materials and novel carbon allotropes. Among 

various GYs, γ-GY has attracted considerable research attention because of its 

theoretically predicted chemical and physical properties and the experimental 

challenges associated with its synthesis. 

Over the past decade, several methods have been developed to prepare γ-GY, 

enabling the experimental verification of its predicted properties and exploration of its 

applications. The developed methods include mechanochemical synthesis, 

Sonogashira coupling, Castro–Stephens coupling, and alkyne metathesis; each method 

has its advantages and limitations. Mechanochemical synthesis is easy to implement 

but yields products of poor quality and purity due to the lack of mechanisms to 

control the reaction and remove impurities. The syntheses based on Sonogashira 

coupling or Castro–Stephens coupling are likely affected by interference caused by 

co-occurring alkyne coupling, affording GDY fragments as impurities. This explains 

why the Raman spectra of γ-GY reported in different studies often vary greatly and 

why the structural order of the as-prepared γ-GY is usually limited. Alkyne metathesis 

is by far the most efficient method for synthesizing long-range structurally ordered 
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γ-GY because it is a reversible reaction that allows self-correction of the structure 

during polymerization to realize high crystallinity. However, alkyne metathesis 

typically requires harsh reaction conditions and complex, sensitive catalysts and 

therefore cannot be used for the large-scale synthesis of γ-GY. 

The synthesized γ-GY materials were characterized to evaluate their mechanical, 

chemical, and physical properties. Some measured properties are close to the 

theoretical predictions. The synthesized γ-GY materials also demonstrated excellent 

performances in various applications including Li-ion battery, H2 storage, and 

single-atom catalysis. However, notably, the measurement results may not reflect the 

intrinsic properties and performance of γ-GY due to the imperfect materials obtained 

in most studies. 

Despite remarkable progress, research on γ-GY still faces multiple challenges. 

Further efforts are necessary to overcome them. First, the synthesis of γ-GY with high 

crystallinity, controllable layer number, and large crystal size has not been achieved. 

In most studies, the prepared γ-GY materials have poorly defined structures with 

various defects and impurities. Second, due to the lack of high-quality γ-GY with 

well-defined layers and dimensions, the characterization results cannot be directly 

correlated with intrinsic properties, and the discrepancy between theoretical 

predictions and experimental measurements cannot be fully understood. Third, 

although γ-GY exhibits high performances in some applications, the most important 

semiconducting properties of γ-GY have not been fully demonstrated in practical 

applications. 
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Synthesizing high-quality γ-GY is the basis for reliable characterization results 

and subsequent performance studies. An ideal synthesis method should allow us to 

control the layer number, grain size, and stacking mode and should minimize 

structural defects and impurities. We believe that if low-cost, large-scale synthesis can 

be achieved, alkyne metathesis will be the most promising synthetic route to achieve 

this goal, and thus, this route deserves further exploration. 

 

Declaration of Competing Interest 

The authors declare no conflict of interest. 

Declaration of interests 

  

☒ The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

  

☐ The authors declare the following financial interests/personal relationships which may be 

considered as potential competing interests: 

 

 

 

Acknowledgments 

This work was supported by Baseline Funds (BAS/1/1372-01-01) to Y.H. from King 

Abdullah University of Science and Technology (KAUST). 

 

References 

[1] R.B. Heimann, S.E. Evsvukov, Y. Koga, Carbon allotropes: a suggested classification scheme 

based on valence orbital hybridization, Carbon 35 (1997) 1654-1658, doi: 

                  



29 

 

10.1016/S0008-6223(97)82794-7. 

[2] Y. Li, L. Xu, H. Liu, Y. Li, Graphdiyne and graphyne: from theoretical predictions to 

practical construction, Chem. Soc. Rev. 43 (2014) 2572-2586, doi: 10.1039/c3cs60388a. 

[3] R.H. Baughman, H. Eckhardt, M. Kertesz, Structure‐ property predictions for new planar 

forms of carbon: Layered phases containing sp
2
 and sp atoms, J. Chem. Phys. 87 (1987) 

6687-6699, doi: 10.1063/1.453405. 

[4] Z.Y. Jia, Y.J. Li, Z.C. Zuo, H.B. Liu, C.S. Huang, Y.L. Li, Synthesis and properties of 2D 

carbon—graphdiyne, Acc. Chem. Res. 50 (2017) 2470-2478, doi: 

10.1021/acs.accounts.7b00205. 

[5] B. Jang, J. Koo, M. Park, H. Lee, J. Nam, Y. Kwon, H. Lee, Graphdiyne as a high-capacity 

lithium ion battery anode material, Appl. Phys. Lett. 103 (2013) 263904, doi: 

10.1063/1.4850236. 

[6] H. Zhang, Y. Xia, H. Bu, X. Wang, M. Zhang, Y. Luo, M. Zhao, Graphdiyne: A promising 

anode material for lithium ion batteries with high capacity and rate capability, J. Appl. Phys. 

113 (2013) 044309, doi: 10.1063/1.4789635. 

[7] C. Huang, S. Zhang, H. Liu, Y. Li, G. Cui, Y. Li, Graphdiyne for high capacity and long-life 

lithium storage, Nano Energy 11 (2015) 481-489, doi: 10.1016/j.nanoen.2014.11.036. 

[8] S. Zhang, H. Liu, C. Huang, G. Cui, Y. Li, Bulk graphdiyne powder applied for highly 

efficient lithium storage, Chem. Commun. 51 (2015) 1834-1837, doi: 10.1039/c4cc08706b. 

[9] K. Krishnamoorthy, S. Thangavel, J. Chelora Veetil, N. Raju, G. Venugopal, S.J. Kim, 

Graphdiyne nanostructures as a new electrode material for electrochemical supercapacitors, 

Int. J. Hydrogen Energy 41 (2016) 1672-1678, doi: 10.1016/j.ijhydene.2015.10.118. 

[10] J. Li, J. Xu, Z. Xie, X. Gao, J. Zhou, Y. Xiong, C. Chen, J. Zhang, Z. Liu, 

Diatomite-templated synthesis of freestanding 3D graphdiyne for energy storage and 

catalysis application, Adv. Mater. 30 (2018) 1800548, doi: 10.1002/adma.201800548. 

[11] S. Wang, L. Yi, J.E. Halpert, X. Lai, Y. Liu, H. Cao, R. Yu, D. Wang, Y. Li, A novel and 

highly efficient photocatalyst based on P25-graphdiyne nanocomposite, Small 8 (2012) 

265-271, doi: 10.1002/smll.201101686. 

[12] N. Yang, Y. Liu, H. Wen, Z. Tang, H. Zhao, Y. Li, D. Wang, Photocatalytic properties of 

graphdiyne and graphene modified TiO2 : from theory to experiment, ACS Nano 7 (2013) 

                  



30 

 

1504-1512, doi: 10.1021/nn305288z. 

[13] J. Li, X. Gao, B. Liu, Q. Feng, X.-B. Li, M.-Y. Huang, Z. Liu, J. Zhang, C.-H. Tung, L.-Z. 

Wu, Graphdiyne: a metal-free material as hole transfer layer to fabricate quantum 

dot-sensitized photocathodes for hydrogen production, J. Am. Chem. Soc. 138 (2016) 

3954-3957, doi: 10.1021/jacs.5b12758. 

[14] R. Liu, H. Liu, Y. Li, Y. Yi, X. Shang, S. Zhang, X. Yu, S. Zhang, H. Cao, G. Zhang, 

Nitrogen-doped graphdiyne as a metal-free catalyst for high-performance oxygen reduction 

reactions, Nanoscale 6 (2014) 11336-43, doi: 10.1039/c4nr03185g. 

[15] Y. Xue, Y. Guo, Y. Yi, Y. Li, H. Liu, D. Li, W. Yang, Y. Li, Self-catalyzed growth of 

Cu@graphdiyne core–shell nanowires array for high efficient hydrogen evolution cathode, 

Nano Energy 30 (2016) 858-866, doi: 10.1016/j.nanoen.2016.09.005. 

[16] J. Yang, H. Sun, H. Liang, H. Ji, L. Song, C. Gao, H. Xu, A highly efficient metal-free 

oxygen reduction electrocatalyst assembled from carbon nanotubes and graphene, Adv. Mater. 

28 (2016) 4606-4613, doi: 10.1002/adma.201505855. 

[17] Y. Li, C. Guo, J. Li, W. Liao, Z. Li, J. Zhang, C. Chen, Pyrolysis-induced synthesis of iron 

and nitrogen-containing carbon nanolayers modified graphdiyne nanostructure as a promising 

core-shell electrocatalyst for oxygen reduction reaction, Carbon 119 (2017) 201-210, doi: 

10.1016/j.carbon.2017.04.038. 

[18] Q. Lv, W. Si, Z. Yang, N. Wang, Z. Tu, Y. Yi, C. Huang, L. Jiang, M. Zhang, J. He, Y. Long, 

Nitrogen-doped porous graphdiyne: a highly efficient metal-free electrocatalyst for oxygen 

reduction reaction, ACS Appl. Mater. Interfaces 9 (2017) 29744-29752, doi: 

10.1021/acsami.7b08115. 

[19] Y. Xue, Z. Zuo, Y. Li, H. Liu, Y. Li, Graphdiyne-supported NiCo2S4 Nanowires: a highly a 

and stable 3D bifunctional electrode material, Small 13 (2017) 1700936, doi: 

10.1002/smll.201700936. 

[20] C. Wang, P. Yu, S. Guo, L. Mao, H. Liu, Y. Li, Graphdiyne oxide as a platform for 

fluorescence sensing, Chem. Commun. 52 (2016) 5629-5632, doi: 10.1039/c6cc01856d. 

[21] N. Parvin, Q. Jin, Y. Wei, R. Yu, B. Zheng, L. Huang, Y. Zhang, L. Wang, H. Zhang, M. Gao, 

H. Zhao, W. Hu, Y. Li, D. Wang, Few-layer graphdiyne nanosheets applied for multiplexed 

real-time DNA detection, Adv. Mater. 29 (2017) 1606755, doi: 10.1002/adma.201606755. 

                  



31 

 

[22] Y. Wu, X.Z. Chen, K.Y. Weng, Arramel, J.Z. Jiang, W.J. Ong, P. Zhang, X.J. Zhao, N. Li, 

Highly sensitive and selective gas sensor using heteroatom doping graphdiyne: A DFT Study, 

Adv. Electron. Mater. 7 (2021) 2001244, doi: 10.1002/aelm.202001244. 

[23] Z. Jin, Q. Zhou, Y. Chen, P. Mao, H. Li, H. Liu, J. Wang, Y. Li, Graphdiyne:ZnO 

nanocomposites for high-performance UV photodetectors, Adv. Mater. 28 (2016) 3697-3702, 

doi: 10.1002/adma.201600354. 

[24] A.L. Ivanovskii, Graphynes and graphdyines, Pro. Solid State Chem. 41 (2013) 1-19, doi: 

10.1016/j.progsolidstchem.2012.12.001. 

[25] S.W. Cranford, D.B. Brommer, M.J. Buehler, Extended graphynes: simple scaling laws for 

stiffness, strength and fracture, Nanoscale 4 (2012) 7797-7809, doi: 10.1039/c2nr31644g. 

[26] A.R. Puigdollers, G. Alonso, P. Gamallo, First-principles study of structural, elastic and 

electronic properties of alpha-, beta- and gamma-graphyne, Carbon 96 (2016) 879-887, doi: 

10.1016/j.carbon.2015.10.043. 

[27] J. Li, Z. Xie, Y. Xiong, Z. Li, Q. Huang, S. Zhang, J. Zhou, R. Liu, X. Gao, C. Chen, L. Tong, 

J. Zhang, Z. Liu, Architecture of beta-graphdiyne-containing thin film using modified 

glaser-hay coupling reaction for enhanced photocatalytic property of TiO2, Adv. Mater. 29 

(2017) 1700421, doi: 10.1002/adma.201700421. 

[28] J. Kang, J. Li, F. Wu, S.-S. Li, J.-B. Xia, Elastic, electronic, and optical properties of 

two-dimensional graphyne sheet, J. Phys. Chem. C 115 (2011) 20466–20470, doi: 

10.1021/jp206751m. 

[29] L.D. Pan, L.Z. Zhang, B.Q. Song, S.X. Du, H.J. Gao, Graphyne- and graphdiyne-based 

nanoribbons: Density functional theory calculations of electronic structures, Appl. Phys. Lett. 

98 (2011) 173102, doi: 10.1063/1.3583507. 

[30] J. Kang, F. Wu, J. Li, Modulating the bandgaps of graphdiyne nanoribbons by transverse 

electric fields, J. Phys. Condens. Matter. 24 (2012) 165301, doi: 

10.1088/0953-8984/24/16/165301. 

[31] Q. Zheng, G. Luo, Q. Liu, R. Quhe, J. Zheng, K. Tang, Z. Gao, S. Nagase, J. Lu, Structural 

and electronic properties of bilayer and trilayer graphdiyne, Nanoscale 4 (2012) 3990-3996, 

doi: 10.1039/c2nr12026g. 

[32] G. Li, Y. Li, H. Liu, Y. Guo, Y. Li, D. Zhu, Architecture of graphdiyne nanoscale films, Chem. 

                  



32 

 

Commun. 46 (2010) 3256-3258, doi: 10.1039/b922733d. 

[33] H. Du, H. Yang, C. Huang, J. He, H. Liu, Y. Li, Graphdiyne applied for lithium-ion capacitors 

displaying high power and energy densities, Nano Energy 22 (2016) 615-622, doi: 

10.1016/j.nanoen.2016.02.052. 

[34] S. Zhang, H. Du, J. He, C. Huang, H. Liu, G. Cui, Y. Li, Nitrogen-doped graphdiyne applied 

for lithium-ion storage, ACS Appl. Mater. Interfaces 8 (2016) 8467-8473, doi: 

10.1021/acsami.6b00255. 

[35] Y. Xue, B. Huang, Y. Yi, Y. Guo, Z. Zuo, Y. Li, Z. Jia, H. Liu, Y. Li, Anchoring zero valence 

single atoms of nickel and iron on graphdiyne for hydrogen evolution, Nat. Commun. 9 

(2018) 1460, doi: 10.1038/s41467-018-03896-4. 

[36] X.P. Yin, H.J. Wang, S.F. Tang, X.L. Lu, M. Shu, R. Si, T.B. Lu, Engineering the 

coordination environment of single-atom platinum anchored on graphdiyne for optimizing 

electrocatalytic hydrogen evolution, Angew. Chem. Int. Ed. 57 (2018) 9382-9386, doi: 

10.1002/anie.201804817. 

[37] Y. Zhao, J. Wan, H. Yao, L. Zhang, K. Lin, L. Wang, N. Yang, D. Liu, L. Song, J. Zhu, L. Gu, 

L. Liu, H. Zhao, Y. Li, D. Wang, Few-layer graphdiyne doped with sp-hybridized nitrogen 

atoms at acetylenic sites for oxygen reduction electrocatalysis, Nat. Chem. (2018) 924-931, 

doi: 10.1038/s41557-018-0100-1. 

[38] L. Hui, Y. Xue, H. Yu, Y. Liu, Y. Fang, C. Xing, B. Huang, Y. Li, Highly efficient and 

selective generation of ammonia and hydrogen on a graphdiyne-based catalyst, J. Am. Chem. 

Soc. 141 (2019) 10677-10683, doi: 10.1021/jacs.9b03004. 

[39] J. Li, L. Zhong, L. Tong, Y. Yu, Q. Liu, S. Zhang, C. Yin, L. Qiao, S. Li, R. Si, J. Zhang, 

Atomic Pd on graphdiyne/graphene heterostructure as efficient catalyst for aromatic 

nitroreduction, Adv. Funct. Mater. 29 (2019) 1905423, doi: 10.1002/adfm.201905423. 

[40] Z. Zhou, Y. Tan, Q. Yang, A. Bera, Z. Xiong, M. Yagmurcukardes, M. Kim, Y. Zou, G. Wang, 

A. Mishchenko, I. Timokhin, C. Wang, H. Wang, C. Yang, Y. Lu, R. Boya, H. Liao, S. Haigh, 

H. Liu, F.M. Peeters, Y. Li, A.K. Geim, S. Hu, Gas permeation through graphdiyne-based 

nanoporous membranes, Nat. Commun. 13 (2022) 2933, doi: 10.1038/s41467-022-31779-2. 

[41] J. Liu, C. Chen, Y. Zhao, Progress and prospects of graphdiyne-based materials in biomedical 

applications, Adv. Mater. 31 (2019) 1804386, doi: 10.1002/adma.201804386. 

                  



33 

 

[42] J.Z. Jingyuan Zhou, Zhongfan Liu, Advanced progress in the synthesis of graphdiyne, Acta 

Phys. Chim. Sin. 34 (2018) 977-991, doi: 10.3866/pku.whxb201801243. 

[43] X. Gao, H. Liu, D. Wang, J. Zhang, Graphdiyne: synthesis, properties, and applications, 

Chem. Soc. Rev. 48 (2019) 908-936, doi: 10.1039/c8cs00773j. 

[44] J. Zhou, J. Li, Z. Liu, J. Zhang, Exploring approaches for the synthesis  of few-layered 

graphdiyne, Adv. Mater. 31 (2019) 1803758, doi: 10.1002/adma.201803758. 

[45] Y. Kong, J.Q. Li, S. Zeng, C. Yin, L.M. Tong, J. Zhang, Bridging the gap between reality and 

ideality of graphdiyne: the advances of synthetic methodology, Chem 6 (2020) 1933-1951, 

doi: 10.1016/j.chempr.2020.06.011. 

[46] Y. Fang, Y. Liu, L. Qi, Y. Xue, Y. Li, 2D graphdiyne: an emerging carbon material, Chem. 

Soc. Rev. 51 (2022) 2681-2709, doi: 10.1039/d1cs00592h. 

[47] Q.D. Li, Y. Li, Y. Chen, L.L. Wu, C.F. Yang, X.L. Cui, Synthesis of γ-graphyne by 

mechanochemistry and its electronic structure, Carbon 136 (2018) 248-254, doi: 

10.1016/j.carbon.2018.04.081. 

[48] C.F. Yang, Y. Li, Y. Chen, Q.D. Li, L.L. Wu, X.L. Cui, Mechanochemical synthesis of 

gamma-graphyne with enhanced lithium storage performance, Small 15 (2019) 1804710, doi: 

10.1002/smll.201804710. 

[49] M. Barua, A. Saraswat, C.N.R. Rao, A novel method for synthesis of γ-graphyne and their 

charge transfer properties, Carbon 200 (2022) 247-252, doi: 10.1016/j.carbon.2022.08.061. 

[50] V.G. Desyatkin, W.B. Martin, A.E. Aliev, N.E. Chapman, A.F. Fonseca, D.S. Galvao, E.R. 

Miller, K.H. Stone, Z. Wang, D. Zakhidov, F.T. Limpoco, S.R. Almahdali, S.M. Parker, R.H. 

Baughman, V.O. Rodionov, Scalable synthesis and characterization of multilayer 

gamma-graphyne, new carbon crystals with a small direct band gap, J. Am. Chem. Soc. 144 

(2022) 17999-18008, doi: 10.1021/jacs.2c06583. 

[51] Y. Hu, C. Wu, Q. Pan, Y. Jin, R. Lyu, V. Martinez, S. Huang, J. Wu, L.J. Wayment, N.A. 

Clark, M.B. Raschke, Y. Zhao, W. Zhang, Synthesis of γ-graphyne using dynamic covalent 

chemistry, Nat. Syn. 1 (2022) 449-454, doi: 10.1038/s44160-022-00068-7. 

[52] Y. Jing, G. Wu, L. Guo, Y. Sun, J. Shen, Electronic transport properties of graphyne and its 

family, Comput. Mater. Sci. 78 (2013) 22-28, doi: 10.1016/j.commatsci.2013.05.026. 

[53] B.G. Kim, H.J. Choi, Graphyne: Hexagonal network of carbon with versatile Dirac cones, 

                  



34 

 

Phys. Rev. B 86 (2012) 115435, doi: 10.1103/PhysRevB.86.115435. 

[54] J.N. Yun, Y.N. Zhang, M.Z. Xu, K.Y. Wang, Z.Y. Zhang, Effect of single vacancy on the 

structural, electronic structure and magnetic properties of monolayer graphyne by 

first-principles, Mater. Chem. Phys. 182 (2016) 439-444, doi: 

10.1016/j.matchemphys.2016.07.053. 

[55] M.M. Haley, Synthesis and properties of annulenic subunits of graphyne and graphdiyne 

nanoarchitectures, 80 (2008) 519-532, doi: doi:10.1351/pac200880030519. 

[56] Y.H. Chen, H.B. Liu, Y.L. Li, Progress and prospect of two dimensional carbon graphdiyne, 

Chin. Sci. Bull. 61 (2016) 2901-2912, doi: 10.1360/N972016-00483. 

[57] N. Narita, S. Nagai, S. Suzuki, K. Nakao, Electronic structure of three-dimensional graphyne, 

Phys. Rev. B 62 (2000) 11146-11151, doi: 10.1103/PhysRevB.62.11146. 

[58] S.W. Cranford, M.J. Buehler, Mechanical properties of graphyne, Carbon 49 (2011) 

4111-4121, doi: 10.1016/j.carbon.2011.05.024. 

[59] Q. Yue, S. Chang, J. Kang, S. Qin, J. Li, Mechanical and electronic properties of graphyne 

and its family under elastic strain: theoretical predictions, J. Phys. Chem. C 117 (2013) 

14804-14811, doi: 10.1021/jp4021189. 

[60] N. Narita, S. Nagai, S. Suzuki, K. Nakao, Optimized geometries and electronic structures of 

graphyne and its family, Phys. Rev. B 58 (1998) 11009-11014, doi: 

10.1103/PhysRevB.58.11009. 

[61] W. Wu, W. Guo, X.C. Zeng, Intrinsic electronic and transport properties of graphyne sheets 

and nanoribbons, Nanoscale 5 (2013) 9264-9276, doi: 10.1039/c3nr03167e. 

[62] Y. Yang, X. Xu, Mechanical properties of graphyne and its family – A molecular dynamics 

investigation, Comput. Mater. Sci. 61 (2012) 83-88, doi: 10.1016/j.commatsci.2012.03.052. 

[63] Y.Y. Zhang, Q.X. Pei, C.M. Wang, Mechanical properties of graphynes under tension: A 

molecular dynamics study, Appl. Phys. Lett. 101 (2012) 081909, doi: 10.1063/1.4747719. 

[64] M. Mirnezhad, R. Ansari, H. Rouhi, M. Seifi, M. Faghihnasiri, Mechanical properties of 

two-dimensional graphyne sheet under hydrogen adsorption, Solid State Commun. 152 (2012) 

1885-1889, doi: 10.1016/j.ssc.2012.07.024. 

[65] R.C. Andrew, R.E. Mapasha, A.M. Ukpong, N. Chetty, Mechanical properties of graphene 

and boronitrene, Phys. Rev. B 85 (2012) 125428, doi: 10.1103/PhysRevB.85.125428. 

                  



35 

 

[66] H. Zhang, M. Zhao, X. He, Z. Wang, X. Zhang, X. Liu, High mobility and high storage 

capacity of lithium in sp–sp
2 
hybridized carbon network: the case of graphyne, J. Phys. Chem. 

C 115 (2011) 8845-8850, doi: 10.1021/jp201062m. 

[67] H.J. Hwang, Y. Kwon, H. Lee, Thermodynamically stable calcium-decorated graphyne as a 

hydrogen storage medium, J. Phys. Chem. C 116 (2012) 20220-20224, doi: 

10.1021/jp306222v. 

[68] J. Kang, Z. Wei, J. Li, Graphyne and Its Family: Recent Theoretical Advances, ACS Appl. 

Mater. Interfaces 11 (2019) 2692–2706, doi: 10.1021/acsami.8b03338. 

[69] D.W. Ma, T. Li, Q. Wang, G. Yang, C. He, B. Ma, Z. Lu, Graphyne as a promising substrate 

for the noble-metal single-atom catalysts, Carbon 95 (2015) 756-765, doi: 

10.1016/j.carbon.2015.09.008. 

[70] P. Wu, P. Du, H. Zhang, C. Cai, Graphyne-supported single Fe atom catalysts for CO 

oxidation, Phys. Chem. Chem. Phys. 17 (2015) 1441-1449, doi: 10.1039/c4cp04181j. 

[71] Y. Ni, L. Miao, J. Wang, J. Liu, M. Yuan, J. Chen, Pore size effect of graphyne supports on 

CO2 electrocatalytic activity of Cu single atoms, Phys. Chem. Chem. Phys. 22 (2020) 

1181-1186, doi: 10.1039/c9cp05624f. 

[72] B. Xu, X.L. Lei, G. Liu, M.S. Wu, C.Y. Ouyang, Li-decorated graphyne as high-capacity 

hydrogen storage media: First-principles plane wave calculations, Int. J. Hydrogen Energy 39 

(2014) 17104-17111, doi: 10.1016/j.ijhydene.2014.07.182. 

[73] G.J. Kubas, Metal–dihydrogen and σ-bond coordination: the consummate extension of the 

Dewar–Chatt–Duncanson model for metal–olefin π bonding, J. Organomet. Chem. 635 (2001) 

37-68, doi: 10.1016/S0022-328X(01)01066-X. 

[74] Y.-H. Kim, Y.Y. Sun, S.B. Zhang, Ab initio calculations predicting the existence of an 

oxidized calcium dihydrogen complex to store molecular hydrogen in densities up to 100 g/L, 

Phys. Rev. B 79 (2009) 115424, doi: 10.1103/PhysRevB.79.115424. 

[75] Y. Guo, X. Lan, J. Cao, B. Xu, Y. Xia, J. Yin, Z. Liu, A comparative study of the reversible 

hydrogen storage behavior in several metal decorated graphyne, Int. J. Hydrogen Energy 38 

(2013) 3987-3993, doi: 10.1016/j.ijhydene.2013.01.064. 

[76] L. Zhang, S. Zhang, P. Wang, C. Liu, S. Huang, H. Tian, The effect of electric field on 

Ti-decorated graphyne for hydrogen storage, Comput. Theo. Chem. 1035 (2014) 68-75, doi: 

                  



36 

 

10.1016/j.comptc.2014.02.032. 

[77] S.-H. Lee, S.-H. Jhi, A first-principles study of alkali-metal-decorated graphyne as 

oxygen-tolerant hydrogen storage media, Carbon 81 (2015) 418-425, doi: 

10.1016/j.carbon.2014.09.074. 

[78] Y. Liu, W. Liu, R. Wang, L. Hao, W. Jiao, Hydrogen storage using Na-decorated graphyne 

and its boron nitride analog, Int. J. Hydrogen Energy 39 (2014) 12757-12764, doi: 

10.1016/j.ijhydene.2014.06.107. 

[79] L. Hu, X. Hu, X. Wu, C. Du, Y. Dai, J. Deng, Density functional calculation of transition 

metal adatom adsorption on graphene, Phys. B: Cond. Matter. 405 (2010) 3337-3341, doi: 

10.1016/j.physb.2010.05.001. 

[80] T.O. Wehling, A.I. Lichtenstein, M.I. Katsnelson, Transition-metal adatoms on graphene: 

Influence of local Coulomb interactions on chemical bonding and magnetic moments, Phys. 

Rev. B 84 (2011) 235110, doi: 10.1103/PhysRevB.84.235110. 

[81] K. Srinivasu, S.K. Ghosh, Transition metal decorated graphyne: An efficient catalyst for 

oxygen reduction reaction, J. Phys. Chem. C 117 (2013) 26021-26028, doi: 

10.1021/jp407007n. 

[82] K.T. Chan, J.B. Neaton, M.L. Cohen, First-principles study of metal adatom adsorption on 

graphene, Phys. Rev. B 77 (2008) 235430, doi: 10.1103/PhysRevB.77.235430. 

[83] M.K. Srivastava, Y. Wang, A.F. Kemper, H.-P. Cheng, Density functional study of gold and 

iron clusters on perfect and defected graphene, Phys. Rev. B 85 (2012) 257244, doi: 

10.1103/PhysRevB.85.165444. 

[84] Y. Tobe, H. Matsumoto, K. Naemura, Y. Achiba, T. Wakabayashi, Generation of cyclocarbons 

with 4n carbon atoms (C12, C16, and C20) by [2 + 2] cycloreversion of propellane-annelated 

dehydroannulenes, Angew. Chem. Int. Ed. 35 (1996) 1800-1802, doi: 

10.1002/anie.199618001. 

[85] R. Diercks, K.P.C. Vollhardt, Cobalt‐ katalysierte Cyclisierung von Bis (2‐ ethinylphenyl) 

ethin‐ neue Synthese von gewinkeltem [3] Phenylen (Terphenylen), einem Molekül mit einer 

Cyclohexatrien‐ Einheit, Angew. Chem. 98 (1986) 268-270, doi: 

10.1002/ange.19860980318. 

[86] J.M. Kehoe, J.H. Kiley, J.J. English, C.A. Johnson, R.C. Petersen, M.M. Haley, Carbon 

                  



37 

 

Networks Based on Dehydrobenzoannulenes. 3. Synthesis of graphyne substructures, Org. 

Lett. 2 (2000) 969-972, doi: 10.1021/ol005623w. 

[87] T. Yoshimura, A. Inaba, M. Sonoda, K. Tahara, Y. Tobe, R.V. Williams, Synthesis and 

properties of trefoil-shaped tris(hexadehydrotribenzo[12]annulene) and 

tris(tetradehydrotribenzo[12]annulene), Org. Lett. 8 (2006) 2933-2936, doi: 

10.1021/ol060781u. 

[88] B. Zhang, S. Wu, X. Hou, G. Li, Y. Ni, Q. Zhang, J. Zhu, Y. Han, P. Wang, Z. Sun, J. Wu, A 

graphyne spoked wheel, Chem 8 (2022) 2831-2842, doi: 10.1016/j.chempr.2022.08.002. 

[89] J. Zhou, X. Gao, R. Liu, Z. Xie, J. Yang, S. Zhang, G. Zhang, H. Liu, Y. Li, J. Zhang, Z. Liu, 

Synthesis of graphdiyne nanowalls using acetylenic coupling reaction, J. Am. Chem. Soc. 

137 (2015) 7596-7599, doi: 10.1021/jacs.5b04057. 

[90] J. Li, Z. Zhang, Y. Kong, B. Yao, C. Yin, L. Tong, X. Chen, T. Lu, J. Zhang, Synthesis of 

wafer-scale ultrathin graphdiyne for flexible optoelectronic memory with over 256 storage 

levels, Chem 7 (2021) 1284-1296, doi: 10.1016/j.chempr.2021.01.021. 

[91] S. Zhang, J. Wang, Z. Li, R. Zhao, L. Tong, Z. Liu, J. Zhang, Z. Liu, Raman spectra and 

corresponding strain effects in graphyne and graphdiyne, J. Phys. Chem. C 120 (2016) 

10605-10613, doi: 10.1021/acs.jpcc.5b12388. 

[92] Q.D. Li, C.F. Yang, L.L. Wu, H. Wang, X.L. Cui, Converting benzene into gamma-graphyne 

and its enhanced electrochemical oxygen evolution performance, J. Mater. Chem. A 7 (2019) 

5981-5990, doi: 10.1039/c8ta10317h. 

[93] X.Y. Zhang, H.Q. Wang, K. Wu, Q.D. Li, Z.P. Shao, Q. Yang, C.D. Chen, X.L. Cui, J.P. Chen, 

J. Wang, Two-dimensional gamma-graphyne for ultrafast nonlinear optical applications, Opt. 

Mater. Exp. 10 (2020) 293-301, doi: 10.1364/OME.377354. 

[94] J. Yang, Z. Bi, S. Zhang, L. Zeng, Y. Zhang, Y. Wang, J. Yan, W. Zhao, Y. Dai, J. Yun, 

Synthesis of γ-graphyne by modified mechanochemistry with enhanced adsorption of organic 

dyes, Diamond Relat. Mater. 129 (2022) 109336, doi: 10.1016/j.diamond.2022.109336. 

[95] W. Ding, M.X. Sun, Z.H. Zhang, X.J. Lin, B.W. Gao, Ultrasound-promoted synthesis of 

gamma-graphyne for supercapacitor and photoelectrochemical applications, Ultrason. 

Sonochem. 61 (2020), 293-301, doi: 10.1016/j.ultsonch.2019.104850. 

[96] R. Chinchilla, C. Nájera, The Sonogashira Reaction:  A booming methodology in synthetic 

                  



38 

 

organic chemistry, Chem. Rev. 107 (2007) 874-922, doi: 10.1021/cr050992x. 

[97] X. Liu, S.M. Cho, S. Lin, Z. Chen, W. Choi, Y.-M. Kim, E. Yun, E.H. Baek, D.H. Ryu, H. 

Lee, Constructing two-dimensional holey graphyne with unusual annulative π-extension, 

Matter 5 (2022) 2306-2318, doi: 10.1016/j.matt.2022.04.033. 

[98] S. Lakshmy, A. Kundu, N. Kalarikkal, B. Chakraborty, Catechol sensor based on pristine and 

transition metal embedded holey graphyne: a first-principles density functional theory study, 

J. Mater. Chem. B 10 (2022) 5958-5967, doi: 10.1039/d2tb00754a. 

[99] R. Matsuoka, R. Sakamoto, K. Hoshiko, S. Sasaki, H. Masunaga, K. Nagashio, H. Nishihara, 

Crystalline graphdiyne nanosheets produced at a gas/liquid or liquid/liquid interface, J. Am. 

Chem. Soc. 139 (2017) 3145-3152, doi: 10.1021/jacs.6b12776. 

[100] W. Zhang, J.S. Moore, Alkyne Metathesis: Catalysts and synthetic applications, adv. syn. 

cataly. 349 (2007) 93-120, doi: 10.1002/adsc.200600476. 

[101] H. Yang, Y. Jin, Y. Du, W. Zhang, Application of alkyne metathesis in polymer synthesis, 

J. Mater. Chem. A 2 (2014) 5986-5993, doi: 10.1039/c3ta14227b. 

[102] T. Ma, E.A. Kapustin, S.X. Yin, L. Liang, Z. Zhou, J. Niu, L.-H. Li, Y. Wang, J. Su, J. Li, 

X. Wang, W.D. Wang, W. Wang, J. Sun, O.M. Yaghi, Single-crystal x-ray diffraction 

structures of covalent organic frameworks, Science 361 (2018) 48-52, doi: 

10.1126/science.aat7679. 

[103] Y. Hu, S.J. Teat, W. Gong, Z. Zhou, Y. Jin, H. Chen, J. Wu, Y. Cui, T. Jiang, X. Cheng, 

W. Zhang, Single crystals of mechanically entwined helical covalent polymers, Nat. Chem. 

13 (2021) 660-665, doi: 10.1038/s41557-021-00686-2. 

[104] J.Q. Li, S. Li, Q. Liu, C. Yin, L.M. Tong, C.G. Chen, J. Zhang, Synthesis of 

hydrogen-substituted graphyne film for lithium-sulfur battery applications, Small 15 (2019) 

1805344, doi: 10.1002/smll.201805344. 

[105] S. Lee, E. Chenard, D.L. Gray, J.S. Moore, Synthesis of cycloparaphenyleneacetylene 

via alkyne metathesis: C70 complexation and copper-free triple click reaction, J. Am. Chem. 

Soc. 138 (2016) 13814–13817, doi: 10.1021/jacs.6b08752 

 

                  



39 

 

 

                  


