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Graphdiyne (GDY), a 2D carbon allotrope, is predicted to possess high car-
rier mobility and an intrinsic bandgap. However, the controlled synthesis of 
mono- or few-layer GDY with good crystallinity remains challenging because 
of the instability of the monomers. Herein, a rapid and catalyst-free synthetic 
method is presented for few-layer GDY involving the use of a solid/liquid 
interface and a microwave-induced temperature gradient. Sodium chloride, 
which can absorb microwave energy, is used as the solid substrate in a 
nonabsorbing solvent. A temperature gradient is formed at the solid/liquid 
interface under microwave irradiation, facilitating the cross-coupling reaction 
of monomers at the solid surface and stabilizing the monomers in the bulk 
solution. Few-layer GDY with an average thickness of less than 2 nm, a field-
effect mobility of 50.1 cm2 V−1 s−1, and p-type characteristics is successfully 
obtained. This wet chemical approach may be extended to the synthesis of 
other few-layered 2D materials with improved quality.
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properties, such as high carrier mobility, 
intrinsic electronic bandgap, and uniform 
topological pores,[5–13] and has shown great 
potential for various applications such as 
water/oil separation,[14] catalysis,[15–19] and 
energy storage.[20]

Several methods for the synthesis of 
GDY have been reported. The first experi-
mental synthesis of GDY film in 2010 was 
achieved using an in situ Glaser coupling 
reaction on a copper substrate.[21] A modi-
fied Glaser coupling reaction was adopted 
by Zhou et al. to synthesize GDY nanow-
alls.[22] In 2017, Zuo et al. used an explosion 
method to obtain GDY powders within 
several seconds.[23] However, although the 
temperatures of these synthetic processes 
are high enough for the coupling reac-
tion, the monomer molecules are unstable 

at such temperatures, leading to side reactions and defects in 
the GDY. In 2018, Gao et  al. developed a solution-phase van 
der Waals epitaxial method to synthesize ultrathin GDY films 
on graphene.[24] The epitaxial growth was carried out at room 
temperature so that the hexaethynylbenzene (HEB) mono-
mers remained stable and GDY with improved crystallinity 
was obtained. However, it proved difficult to separate the GDY 
film from the graphene. Typically, wet chemical synthesis of 2D 
materials requires involved and time-consuming postprocess 
to removing either catalyst residue components or by-products 
prior to characterization and/or further applications, and such 
processes can cause product defects and degradation.[25,26]

Herein, we report a rapid and catalyst-free synthetic method 
for ultrathin GDY film that exploits a microwave-induced tem-
perature gradient at a solid/liquid interface. We chose NaCl as 
the solid substrate as it can absorb microwave energy, and the 
HEB is dissolved in a mixture of toluene and hexane, which 
is a non-microwave-absorbing solvent system. Under micro-
wave irradiation, the NaCl is heated to a certain temperature 
while the solvent remains unheated so that a temperature gra-
dient is formed at the solid/liquid interface. Thus, the coupling 
reaction occurs only at the surface of the NaCl, and the HEB 
monomers in the bulk solution remain stable and can diffuse 
to the solid/liquid interface intact. As a result, GDY films with 
an average thickness of less than 2 nm can be obtained. Spec-
tral characterization by Raman scattering spectroscopy, X-ray 
photoelectron spectroscopy (XPS), and transmission electron 

1. Introduction

Graphdiyne (GDY) is unique among nanocarbon allotropes 
such as fullerene,[1] carbon nanotubes,[2] and graphene[3] owing 
to the presence of sp- and sp2-hybridized carbon atoms in its 
2D structure.[4] Since its discovery, GDY has drawn tremendous 
research attention due to its unique physical and structural 
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microscopy (TEM) was used to confirm the structure of the 
GDY. Furthermore, a field-effect transistor (FET) device based 
on the GDY film showed a mobility of 50.1 cm2 V−1 s−1 and 
exhibited p-type characteristics.

A schematic of the synthetic processes is given in Figure 1a. 
Briefly, the HEB molecules were dissolved in toluene/hexane 
(1:1, v/v) at a concentration of 5 mmol. Then, 100 mg of NaCl 
crystals were added to 30 mL of the HEB solution in a 50 mL 
polypropylene (PP) centrifuge tube. The reaction system was 
transferred to a commercial microwave oven and subjected to 
microwave irradiation at 700 W for 4 min. The temperature of 
the NaCl increased to ≈70 °C, which is appropriate for the cou-
pling of HEB, as measured by an infrared thermometer.

Microwave-assisted CH bond activation has been widely 
used in organic chemistry.[27] In HEB, the CH dipoles reorient 
to be in phase with the oscillating electric field. Microwave 
irradiation to a temperature of 70  °C can promote homo-
lytic cleavage of the terminal alkyne bonds to radicals, which 
couple to form GDY. However, the temperature of the solvent 
remains at around 40 °C due to its lower absorption of micro-
wave energy. Therefore, a temperature gradient is formed at the 
NaCl/solvent interface, spatially confining the alkyne coupling 
reaction to the surface of the NaCl crystals under a constant 
supply of stable monomer molecules diffusing from the bulk 
solution. As a result, thin films of GDY are formed on the sur-
faces of the cubic NaCl crystals. The GDY and NaCl are then 
filtered from the solution and washed in acetone several times, 
whereupon the color of the NaCl changes from white to black 
(Figure S1, Supporting Information).

A scanning electron microscopy (SEM) image of GDY-
covered NaCl crystals (NaCl@GDY) is shown in Figure  1b. 
Upon mixing the GDY and NaCl with water (2 mg NaCl@GDY 
in 5 mL H2O), a GDY dispersion was obtained. A droplet of the 
GDY dispersion was dropped onto a clean SiO2/Si substrate, 
which was then dried in air (Figure S2, Supporting Information). 

GDY films (see Figure S2, Supporting Information) with 
widths of 10–20 µm can be clearly observed in the SEM image 
in Figure  1c. The typical thickness of the film was found to 
be 1.18  nm by atomic force microscopy (AFM), as shown in 
Figure  1d, and the thickness analysis is shown in Figure S3 
(Supporting Information).

The GDY films were transferred onto a copper grid for TEM 
characterization. The low-magnification TEM image shows 
freestanding cubic GDY films with an average width of 200 nm 
(Figure  2a) and typical GDY sheets (Figure  2b). The higher-
magnification TEM characterization reveals streaks with widths 
of 0.368  nm (Figure  2c) at the edges of the thin films, which 
can be assigned to the spacing between two carbon layers.[28] 
The high-resolution TEM (HRTEM) images of GDY reveal 
lattice fringes of 0.468 nm, as shown in Figure 2d, which is in 
good agreement with theoretical values.[10] Figure  2e shows a 
magnification of the marked area in Figure  2d, which shows 
good agreement with the simulated TEM image prepared using 
quantitative TEM/STEM simulations at the right side.

The structure of the GDY films can be more clearly identi-
fied from the corresponding selected area electron diffraction 
(SAED) patterns in Figure  2f. The (110) diffraction spot for 
GDY is around 2.1 nm−1, which corresponds to d  = 0.47  nm 
between (110) lattice facets and its equivalent planes. This result 
matches well with that for GDY with ABC stacking.[29] The 
energy-dispersive spectroscopy (EDS) results given in Figure S4  
(Supporting Information) and the mapping image given in 
Figure S5 (Supporting Information) show that carbon is the 
major constituent element. The existence of oxygen could 
result from adsorption of oxygen from air or inevitable defects, 
and the copper signal may be due to the copper grid. We also 
observed twisted GDY films with a twist angle of 17.87° due to 
the collapse of freestanding cubic GDY films and their sub-
sequent randomly oriented stacking (Figure S6, Supporting 
Information).

Adv. Funct. Mater. 2020, 30, 2001396

Figure 1.  a) Schematic presentation of the synthesis of GDY films. b) SEM image of NaCl@GDY. c) SEM image of GDY films on a SiO2/Si substrate. 
d) Typical AFM image of a GDY film.
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The GDY films were further investigated by Raman spec-
troscopy, XPS, Fourier-transform infrared spectroscopy (FTIR), 
electron energy loss spectroscopy (EELS), and UV–vis absorp-
tion spectroscopy. As shown in Figure 3a, the peak at 2177 cm−1 

that is attributed to the vibration of conjugated diyne chains evi-
dences the successful coupling of alkyne bonds.[21] The peaks 
at 1415 and 1574 cm−1 are assigned to the breathing mode of 
sp2-hybridized carbon atoms in aromatic rings (D band) and 

Adv. Funct. Mater. 2020, 30, 2001396

Figure 2.  TEM characterization of GDY films. a,b) TEM images of cuboidal GDY boxes and GDY sheets. c,d) HRTEM images of a GDY film. e) Magni-
fication of the area highlighted by the red square in (d). The right hand side of the figure (blue box) shows the corresponding simulated image of GDY 
with ABC stacking. f) Selected area electron diffraction pattern of GDY film.

Figure 3.  a) Raman scattering, b,c) XPS, and d) ELNES spectra of the GDY films. e) EELS spectrum of GDY films showing a bandgap of ≈1.47 eV 
for GDY. f) UV–vis absorption spectrum of GDY films and the HEB monomer, in which the red line is a Tauc fitting plot corresponding to an optical 
bandgap of 1.51 eV.
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the first-order mode E2g of in-phase stretching in aromatic 
rings (G band), respectively.[30] The FTIR spectrum of the syn-
thesized GDY films is shown in Figure S7 (Supporting Infor-
mation), where four major bands are observed at 1095, 1624, 
1698, and 2107 cm−1.

The XPS spectra in Figure 3b,c indicate that the GDY films 
are mainly composed of carbon. In Figure 3c, the peak for C 1s 
can be deconvoluted into three subpeaks, corresponding to sp2- 
and sp-hybridized carbon atoms, i.e., those in aromatic rings 
and CC bonds, respectively, at binding energies of 284.9  eV, 
with CO at 287.5  eV, and CO at 289.1  eV.[31] In GDY, the 
number of sp carbons is twice that of sp2 carbons. Supposing 
that the detected crystal region has a total of 6n sp2 carbons and 
12n sp carbons, the number of electrons in conjugated π bonds 
perpendicular to the carbon atom plane is (3nΠ4

4 + nΠ6
6) and 

the number of electrons in conjugated π bonds in the carbon 
atom plane is 3nΠ4

4 (Figure S8, Supporting Information). 
Thus, the ratio of these two kinds of electrons is 3:2.

The energy-loss near-edge structure (ELNES) results 
obtained for GDY with an energy resolution of 83.3 meV 
in Figure  3d indicate that the π* peak consists of two peaks: 
the red peak is located at 285.77  eV (CC) and the blue peak 
is located at 286.09  eV (CC).[32] The area ratio of these two 
peaks is 3:2, which matches well with the theoretical ratio for 
GDY discussed above. The other peaks are assigned to CO 
(green) at 287.40 eV, CO (light blue) at 289.14 eV, σ* (purple) 
at 292.39 eV, and scattering caused by nearest neighbor atoms 
(yellow) at 293.33 eV.

The bandgap for the GDY film can be obtained from the 
EELS spectrum in Figure 3e. It can be seen that the crosspoint 
abscissa value of the blue dashed line and y = 0 is 1.47 eV, which 
corresponds to the electronic bandgap of GDY and is in good 
agreement to theoretical model. The crosspoint abscissa value 
of the green dashed line and y = 10 021 is 8.76 eV, which can be 
assigned to the bandgap of residual NaCl.[33]

The UV–vis absorption spectra of GDY and HEB were meas-
ured in tetrahydrofuran (THF) and are shown in Figure 3f. The 
background was eliminated by subtracting the signal for an 
aqueous solution of NaCl and THF. According to Tauc’s formu-
lation, the optical bandgap of GDY films was estimated to be 
1.51 eV.

The above results confirm that thin films of GDY were suc-
cessfully obtained through our microwave-assisted coupling 
reaction. Microwave-assisted/accelerated organic syntheses 
were first reported in the mid-1980s.[34] Reaction rates and 
yields can be dramatically enhanced using microwave radia-
tion as a heat source.[35] However, no catalyst was used in our 
approach, and the activation of the terminal CH bonds in the 
HEB monomers and the coupling of alkyne bonds between 
HEB molecules at the NaCl surfaces are both likely to be facili-
tated by microwaves.

In order to investigate the mechanism of the coupling reac-
tion, we compared different reaction systems, including 1) HEB 
solution without NaCl irradiated with microwaves, 2) HEB solu-
tion with NaCl homogeneously heated to 70  °C, and 3) HEB 
solution without NaCl homogeneously heated to 55  °C and 
then irradiated by microwaves to 70 °C. The results are shown 
in Figures S9–S11 (Supporting Information). No GDY product 
is formed in system 1, where the temperature was ≈40 °C after 

microwave irradiation (Figure S9, Supporting Information), 
or in system 2, where no NaCl was added (Figure S10, Sup-
porting Information). However, some 0.468 nm lattice fringes 
are observed for system 3 (Figure S11, Supporting Informa-
tion), indicating the existence of a very small amount of GDY, 
although no distinct peak for coupled alkyne bonds is observed 
in the Raman spectrum.

These results indicate that microwave irradiation and a tem-
perature of 70 °C are both necessary for the efficient coupling 
of alkyne bonds, and that the temperature gradient at the NaCl/
solvent interface ensures the confinement of the coupling reac-
tion and the formation of GDY thin films. As no catalyst was 
used, the terminal CH bonds of HEB monomers are expected 
to be homolytically cleaved to radicals before the coupling 
reaction.

Furthermore, 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) 
was added as a radical trap to the reaction system comprising 
HEB monomers with NaCl in toluene/hexane,[36] and no GDY 
product was found after microwave irradiation, as shown in 
Figure S12 (Supporting Information).

For the efficient synthesis of GDY films using microwaves, 
the dielectric constants of the inorganic crystals and the sol-
vents are determinative factors. Different inorganic salt crystals 
in toluene/hexane and various organic solvents with different 
dielectric constants were used for a more detailed comparison 
(Tables S1 and S2, Supporting Information). The temperatures 
of the salt crystals and the HEB solvents after microwave irra-
diation are also listed in Tables S1 and S2 (Supporting Infor-
mation). An approximately monotonic increase of temperature 
with dielectric constant is revealed in Figure S13 (Supporting 
Information).

Although hexane has the lowest dielectric constant of the sol-
vents investigated in our experiments, the solubility of HEB in 
hexane is too low and the same volume of toluene is necessary 
to dissolve the HEB monomers. Figure S14 (Supporting Infor-
mation) shows the Raman spectra of products obtained using 
different salts in toluene/hexane and those obtained with NaCl 
in different solvents. It is clear from the results that NaCl crys-
tals (high dielectric constant) in a toluene/hexane solution of 
HEB (low dielectric constant) are the optimal conditions for the 
synthesis of thin GDY films at the solid/liquid interface.

Furthermore, the size and thickness of the GDY films can be 
controlled by altering the duration of microwave irradiation. As 
shown in Table S3 (Supporting Information), the temperature 
of the solvent and NaCl increase as the duration of irradiation 
increases. It can be seen from the SEM images (Figure S15, 
Supporting Information) of the synthesized GDY films that the 
size can reach tens of micrometers, and the AFM images in 
Figure S16 (Supporting Information) show that the thickness 
can reach ≈4 nm upon 20 min irradiation. The Raman spectra 
in Figure S17 (Supporting Information) present the peak for a 
conjugated diyne at 2178 cm−1 after 5 min.

The electronic properties of the synthesized few-layer GDY 
films were investigated using fundamental transport measure-
ments. A schematic of the two-electrode FET device used is 
shown in Figure  4a. An optical image of an FET device with 
a 2 µm channel width is shown in the inset of Figure 4b. The 
typical I−V characteristic of the few-layer GDY film of 1.5 nm 
thickness at a bias voltage from −1.00  to +1.00 V in Figure 4b 

Adv. Funct. Mater. 2020, 30, 2001396
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presents a linear relationship, indicating ohmic-like contact 
between the sample and electrodes and the good conductivity of 
the GDY film. Figure 4c,d shows the output and transfer char-
acteristics of the device. The p-type semiconducting characteris-
tics of GDY can be inferred from the Ids–Vg curve in Figure 4d. 
The field-effect mobility of GDY films was calculated to be  
50.1 cm2 V−1 s−1 using the equation μ = [dI/dVg][L/(WCgVds)],[37] 
where the channel length (L) is 5 µm, the channel width (W) is 
2 µm, and the capacity of gate electrode (Cg) is 1.15 F cm−2.

2. Conclusion

In summary, we have developed a catalyst-free approach to the 
synthesis of ultrathin GDY films using a microwave-induced 
temperature gradient at a solid/liquid interface. The monomer 
molecules only react with each other at the high-temperature 
interface while nonreacting monomer molecules remain stable 
in the lower-temperature solvent. The as-synthesized GDY 
films exhibit smooth and continuous morphology and good 
crystallinity. The thickness of the as-synthesized GDY films is 
≈1–2  nm. HRTEM and SAED analyses revealed the in-plane 
periodicity of the multilayer GDY, with the SAED pattern exclu-
sively matching an ABC stacking mode. XPS, EDS, Raman, 
and FTIR spectra presented characteristics consistent with 
the expected chemical composition and bonding of GDY. Elec-
trical measurements revealed that the GDY films exhibit p-type 
semiconducting characteristics and a field-effect mobility of 
50.1 cm2 V−1 s−1. Overall, this work provides a novel and facile 

strategy for the rapid synthesis of GDY thin films and will 
benefit the investigation of their fundamental properties and 
potential application.

3. Experimental Section
Catalyst-Free Synthesis of Few-Layer Graphdiyne Using a Temperature 

Gradient Solid/liquid Interface: Cubic NaCl crystals with an average 
size of 10  µm were first obtained by recrystallization of commercial 
NaCl (average size 300  µm). The HEB was dissolved in toluene/
hexane (1:1, v/v) at a concentration of 5 mmol. Then, 100 mg of NaCl 
crystals were added to 30  mL of the HEB solution in a 50  mL PP 
centrifuge tube. The reaction system was transferred to a commercial 
microwave oven and subjected to microwave irradiation at 700 W for 
4 min, whereupon thin films of GDY were formed on the surfaces of 
the cubic NaCl crystals.

Characterization: The morphology and detailed structure of the GDY 
films were investigated by SEM (Hitachi S-4800, Japan; acceleration 
voltage 1.0 kV), TEM (FEI Tecnai F30; acceleration voltage 300 kV), and 
aberration-corrected TEM (NionU-HERMES200 STEM microscope at 
the Electron Microscopy Laboratory of Peking University; acceleration 
voltage 60  kV.). Raman spectroscopy (Horiba Jobin Yvon LabRAM HR 
800, 514.5  nm), UV–vis spectroscopy (Perkin Elmer Lambda 950), and 
XPS (Kratos Analytical Axis-Ultra spectrometer with an Al Kα X-ray 
source) were performed to confirm sample quality.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Adv. Funct. Mater. 2020, 30, 2001396

Figure 4.  Electrical properties of GDY films. a) 3D schematic view of a GDY transistor. b) Ids versus Vds plot of the device. Inset: optical microscope 
image of the device. c) Ids versus Vds curves recorded under various Vg biases from −50 to 50 V. d) Transport characteristics curve of the device at  
Vds = 0.05 V, in which the red line is the linear fitting.
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