
Synthesis of Ultrathin Graphdiyne Film Using a Surface Template
Jingyuan Zhou,†,‡ Ziqian Xie,† Rong Liu,†,‡ Xin Gao,† Jiaqiang Li,†,§ Yan Xiong,§ Lianming Tong,†

Jin Zhang,*,† and Zhongfan Liu*,†

†Center for Nanochemistry, Beijing Science and Engineering Center for Nanocarbons, Beijing National Laboratory for Molecular
Sciences, College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, P.R. China
‡Academy for Advanced Interdisciplinary Studies, Peking University, Beijing 100871, P.R. China
§School of Chemistry and Chemical Engineering, Chongqing University, Chongqing 401331, P.R. China

*S Supporting Information

ABSTRACT: Graphdiyne is predicted to have a natural band
gap and simultaneously possesses superior carrier mobility,
which makes it potential for electronic devices. Synthesis of
ultrathin graphdiyne film is highly demanded. In this work, we
proposed an approach for synthesis of ultrathin graphdiyne
film using graphene as a surface template, which can induce
confined reaction on substrate. With all-carbon, conjugated,
atomically flat structure, graphene has a strong interaction with
the graphdiyne system, resulting the formation of continuous
flat ultrathin graphdiyne film with thickness less than 3 nm.
Raman spectra, grazing incidence X-ray diffraction, and
transmission electron microscopy characterization all con-
firmed the features of graphdiyne. Furthermore, this strategy was also extended to the hexagonal boron nitride (hBN) surface
with resembling structure, serving as a perfect dielectric layer. Field-effect transistor devices based on graphdiyne film grown on
hBN were fabricated directly, and electrical transport measurements demonstrate the good conductivity with p-type
characteristics of the as-obtained graphdiyne film.
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■ INTRODUCTION

Graphdiyne is a rapidly rising star of the carbon allotrope
family. It refers to a two-dimensional structure with benzene
rings connected by diyne linkages. The heat of formation of
graphdiyne is predicted to be 18.3 kcal per g-atom C, which
makes graphdiyne to be the most stable carbon allotrope
containing diacetylenic linkages.1 Theoretical calculation
predicted that graphdiyne possesses natural moderate band
gap of 0.46 eV and carrier mobility as high as 104 to 105 cm2

V−1 s−1 at room temperature along with highly conjugated
structure and uniformly distributed topological pores.2 As a
result of these prominent properties, graphdiyne has shown
great potential in extensive applications such as Li-ion
batteries,3 photocatalysis,4 solar cells,5 photoelectrochemical
water splitting cells (PEC),6 oil/water separation,7 etc. The
intriguing electronic properties of bandgap along with
simultaneous high mobility make graphdiyne an ideal candidate
for all-carbon electronic circuits, overcoming the absence of
band gap of graphene. From this aspect, synthesis of
graphdiyne as continuous ultrathin film capable of in-plane
charge transport is highly demanded for fabrication of
integrated electronic devices used in practical applications. In
2010, graphdiyne film with thickness of 1 μm was synthesized
successfully by using copper foil as both catalyst and substrate.8

However, synthesis of continuous ultrathin graphdiyne film is

still in infancy. The synthesis process goes through a
troublesome problem of the free rotation of the alkyne-aryl
single bonds, which leads to the coexistence of coplanar and
twisted frameworks. For this purpose, we proposed a template
synthesis method for confined reaction which would be
beneficial for synthesis of ultrathin graphdiyne film.
Template synthesis is an effective method for synthesis of 2D

layered materials. As we know, the interface molecular
orientation is highly sensitive to the natural character of
substrate, the essence of which is that the competition between
the molecule interface and intermolecular interactions plays a
decisive role in the molecular assembly manners.9 Graphene, a
single layer of sp2 bonded carbon film with highly conjugated
structure, is definitely an ideal choice as template for synthesis
of ultrathin graphdiyne film. It has been reported as a good
template for both organic and inorganic materials as well as
conjugated molecular assembly. For example, covalent organic
frameworks (COFs) grow as layers stacked horizontally to the
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graphene surface, showing improved crystallinity compared
with that of COFs powders.10,11 Au nanoparticles are also
found to grow on graphene surface with aligned array through a
self-assembly process in solution because of the unique π−π
interaction.12 Various conjugated organic molecules are favored
to epitaxially grow with orientation on the surface of graphene
induced severely by the strong graphene−molecule inter-
action.13 For the purpose of preparing graphdiyne, a flat 2D
film with all-carbon highly conjugated structure, graphene
would naturally serve as a matched template.
Herein, we report a feasible synthetic route of ultrathin

graphdiyne film by employing graphene as a substrate template,
and graphdiyne film was found to grow selectively on the
surface of graphene. Previously, Glaser coupling8 and Glaser−
Hay coupling14 reactions were utilized for graphdiyne synthesis.
In these reactions, monomer hexaethynylbenzene (HEB) was
used for coupling reaction after deprotection of hexakis-
[(trimethylsilyl)ethynyl]benzene (HEB-TMS) and protected
by noble gas. However, there still would be slight amount of
oxidation and self-polymerization side-reactions in the long
reaction period. Therefore, we prefer to choose a reaction
which could proceed with HEB-TMS monomer directly
without deprotection. Hiyama reported that alkynylsilanes
would smoothly dimerize in the presence of copper(I) salt in
polar solvent such as N,N-dimethyformamide (DMF) or
dimethyl sulfoxide (DMSO) to give 1,3-conjugated diynes
with extremely high yield.15 So, we utilized Hiyama coupling
reaction by employing single layer graphene as template, and a
continuous flat ultrathin graphdiyne film was synthesized
successfully. Then, the composition and structure of the as-
grown graphdiyne film were investigated completely. This
process also worked well on the surface of hexagonal boron
nitride (hBN) with resembling surface structure, which is a
good dielectric layer. In this way, graphdiyne-based electronic
devices were fabricated after exchanging the template graphene
with hBN, demonstrating good conductivity with p-type
characteristic.

■ EXPERIMENTAL SECTION
Graphene/hBN Transfer. Graphene grown on Cu foil was first

transferred onto the SiO2/Si substrate because Cu foil could not bare
the DMF solution. Graphene was transferred with the assistance of
poly(methyl methacrylate) (PMMA). After spin-coating with PMMA
and being baked at 150 °C for 5 min, the back side of Cu foil with
graphene was exposed to O2 plasma for 3 min to remove the
redundant graphene because graphene was grown on both sides of the
Cu foil. After that, 1 M FeCl3 solution was used to etch the copper
away, and the free-standing PMMA-supported graphene was washed
with DI water several times. Then, we transferred the film to the target
substrate. After dying, the PMMA was subsequently removed by hot
acetone vapor. Finally, the transferred graphene was annealing in Ar/
H2 at 400 °C for 2 h to remove the residues. CVD grown hBN was
transferred with the same procedure.
Synthesis of Graphdiyne Film. Typically, HEB-TMS and CuCl

with equivalent ratio 1:1 were added to a cylindrical pressure vessel
and suspended in a mixture solution of THF and DMF (v/v 1:20).
The small amount of THF was used for increasing solubility of the
monomer. After capping, the mixed solution was sonicated for 10 min,
and the SiO2/Si with graphene was immersed in solution. The sealed
vessel was heated at 65 °C for 6 h followed by 70 °C for 24 h. After
reaction, the sample was subsequently washed by DMF, 1 M HCl, and
DI water.
Ultrasonication Exfoliation Process. Substrates with graphdiyne

film were immersed into the solution of NMP/EtOH and ultra-
sonicated for 15−30 min, forming stable dispersion.

Device Fabrication and Electronic Measurement. The
electrodes were fabricated by standard photolithography procedure
and thermal deposition of metal (8 nm Cr and 60 nm Au). The
transport measurements were performed at room temperature using a
Keithley 4200-SCS semiconductor characterization system, equipped
with a four-probe station. During measurements, a 0.5 V DC bias was
applied between source and drain with a linear sweep gate voltage
from −50 to 50 V applied on back gate.

Characterizations. The as-grown graphdiyne film was analyzed by
scanning electron microscopy (SEM, Hitachi S4800 field emission,
acceleration voltage 2 kV), atomic force microscopy (AFM, Dimension
Icon, Bruke Co.) in Scananalysis mode, transmission electron
microscopy (TEM, FEI Tecnai F30, acceleration voltage 300 kV),
and TEM (FEI Tecnai T20, acceleration voltage 120 kV) to investigate
its morphology and structure. Raman spectrometry (Horiba HR800
Raman system) with laser excitation wavelength of 514.5 nm, X-ray
photoelectron spectroscopy (XPS, ESCALab250, Thermo Scientific
Corporation) was used to evaluate the composition of graphdiyne film
on graphene. UV−vis spectra were recorded on a PerkinElmer
Lambda 950 UV−vis spectrometer. Grazing incidence X-ray diffraction
(GIXD) data was collected at beamline BL14B1 of Shanghai
Synchrotron Radiation Facility (SSRF) at a wavelength of 1.2398 Å.
BL14B1 is beamline based on bending magnet, and a Si(111) double
crystal monochromator was employed to monochromatize the beam.
The size of the focus spot is about 0.5 mm, and the end station is
equipped with a Huber 5021 diffractometer. NaI scintillation detector
was used for data collection.16

■ RESULTS AND DISCUSSION
The schematic illustration of the synthetic process is depicted
in Figure 1a, and details are provided in the Supporting

Information. Briefly, chemical vapor deposition (CVD) grown
single layer graphene on Cu foil was transferred to SiO2/Si
substrate followed by thermal annealing. The substrate was
immersed into the reaction solution. Under optimized
solvothermal conditions with CuCl catalyst, a continuous flat
graphdiyne film was obtained, covering the entire surface of
graphene. A continuous ultrathin graphdiyne film grown on the
surface of graphene could be identified from optical microscopy
(OM) and SEM images in Figures 1b and c. The thinnest film

Figure 1. (a) Schematic presentation of the synthesis process of
graphdiyne film grown on the surface of graphene. (b, c) Optical and
SEM images of graphdiyne on graphene film on SiO2/Si substrate.
Scale bar, 20 and 5 μm, respectively. (d) Typical AFM image of
graphdiyne on graphene. Scale bar, 5 μm.
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was 2.9 nm according to AFM results in Figure 1d, and the
thickness could also be tuned by concentration of monomer
ranging from 3 to 20 nm.
As such a new material, we are extremely concerned with the

structural characterization. In Figure 2a, the GIXD image
collected for graphdiyne film demonstrates the presence of Brag
rings at 12.9, 17.6, and 21.0 nm−1, corresponding to d-spacing
of 0.48, 0.36, and 0.30 nm, respectively. The d-spacing of 0.48

and 0.30 nm correspond to (1,1,0) facet and (2, 1, 0) facet of
graphdiyne, respectively. The 0.36 nm refers to the interlayer
spacing, indicating that graphdiyne is a two-dimensional layered
material. TEM was also employed for structural identification.
As shown in Figure 2b, the as-grown graphdiyne film could be
transferred to grid as a free-standing film by traditional transfer
method with assistance of PMMA. The corresponding selected-
area electron diffraction (SAED) patterns in Figure 2b show the

Figure 2. Structural characterization of graphdiyne film grown on graphene. (a) GIXD image collected for graphdiyne film showing presence of
Bragg rings. (b) TEM image of transferred graphdiyne film on graphene. Corresponding SEAD pattern is in inset, and the patterns of graphdiyne
and graphene are labeled, respectively. (c) HRTEM image of transferred graphdiyne film. Related FFT pattern is in the corresponding inset. Line
profile at position along the blue square representing interlayer spacing of multilayer graphdiyne. (d) Photograph of graphdiyne nanosheets
dispersion in NMP/EtOH solution showing an apparent Tyndall effect. (e, f) SEM and AFM images of graphdiyne nanosheets. Scale bar, 2 and 1
μm, respectively. (g) TEM image of dispersed nanosheets. Scale bar, 2 μm.

Figure 3. (a) Raman spectra evolution of graphene and as-grown graphdiyne on graphene. (b) UV−vis−NIR absorbance spectra. Tauc plot
corresponds to optical band gap of 1.48 eV. (c) XPS spectra of graphdiyne film on Al2O3 substrate (survey scan). (d) XPS spectra of graphdiyne for
C 1s.
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patterns of graphene and graphdiyne at the same time.
Referring to graphene with d = 0.25 nm, the first order
diffraction of graphdiyne d = 0.47 nm refers to (1,1,0) lattice
facet and its equivalent planes. This result matches quite well
with that of graphdiyne with ABC stacking manner.17,18 In
high-resolution TEM (HRTEM) image in Figure 2c, it clearly
reveals curved streaks with a lattice parameter of 0.36 nm,
which corresponds to the π-stacking interlayer distance of two-
dimensional layers. This result is also according to calculated
interlayer spacing value ranging from 0.34 to 0.37 nm with
different stacking configurations.19 It hence appears that two-
dimensional layered graphdiyne film with good crystallinity was
obtained successfully.
Furthermore, inspired by liquid exfoliation of graphene,20

graphdiyne dispersion was obtained by repeated ultrasonication
of the film on substrate in NMP/EtOH solution. The
graphdiyne dispersion gave rise to obvious Tyndall effect as a
result of light scattering, indicating colloidal nature of the
dispersion (Figure 2d). Some initial characterizations were
executed by spin-coating the dispersion onto a SiO2/Si
substrate. SEM image was collected in Figure 2e showing
some isolated nanosheets with lateral size of 0.5−3.0 μm. AFM
image in Figure 2f shows that the resulting graphdiyne sheets
are flat with thickness of 3−4 nm. The corners remain sharp,
and the edges are well-defined. TEM sample was prepared by
pipetting the dispersion onto the grid, and the TEM image in
Figure 2g illustrates the uniformly dispersed nanosheets with
nearly transparent feature inferred their ultrathin thickness with
good crystallinity. The simple process of exfoliation sufficiently
demonstrated the layered characteristic of graphdiyne.
Bonding structure and elementary composition of the

graphdiyne film on graphene was investigated systemically.
Prominently, Raman spectroscopy has historically played an
important role in the study and characterization of carbon
material and it is also a competent technique for investigation
of Raman-active C−C triple bond.21 The Raman spectra of
graphdiyne film grown on graphene is shown in Figure 3a. The
peak around G peak position is not symmetric and can be
deconvoluted into two peaks at 1540 and 1586 cm−1 attributed
to the G peaks of graphdiyne film and graphene substrate,
respectively. The peaks at 1586 and 2700 cm−1 are the typical
G and 2D peaks of graphene. Comparison between before and
after reaction shows upshift of graphene Raman peak because
of doping effect.22,23 As for graphdiyne, the peak at 1350 cm−1

is ascribed to the scissoring vibration of atoms in benzene.24

1421 cm−1 peak refers to the vibrations of C−C bonds between
triply coordinated atoms and their doubly coordinated
neighbors. The G peak at 1540 cm−1 mostly comes from in-
phase stretching of aromatic bonds common in all sp2 carbon
system. Yet, the wavenumber of the G peak is relatively lower in
alkyne-rich material, which reflects the influence of conjugated
effects.25 The peak at 2190 cm−1 corresponds to the stretching
mode of diacetylene bond. Remarkably, compared with
reported results, the diyne peak displays much higher intensity
and less half-peak breadth.8,14 Briefly, the Raman spectra is in
good agreement with theoretical result, indicating the
formation of proposed structure. Meanwhile, the spectra of
XPS in Figure 3c indicates that graphdiyne film is primarily
composed of elemental carbon, which is coincident with the
result of EDS in Figure S5. In Figure 3d, the deconvolution of
C 1s peak resolved four subpeaks, corresponding to C−C (sp2)
at 284.5 eV, C−C (sp) at 285.4 eV, C−O at 287.5 eV, and C
O at 288.6, respectively.26 To investigate the optical properties

of as-prepared graphdiyne film, UV−vis−NIR absorption
spectrum was carried out. For in situ growth on quartz,
graphene was first transferred onto optical grade quartz
followed by standard graphdiyne film growth procedure, and
the background was subtracted using a blank quartz with a layer
of graphene. On the basis of Tauc’s formulation, extension cord
of the linear section and λ-axis would make an intersection
point, representing the optical band gap.27,28 As shown in
Figure 3b, it is speculated that the optical band gap of
graphdiyne film is 1.48 eV. The optical band gap is a little larger
than the calculated result, and the rational explanations are
calculated deviation, p-doping effect, excessive defects, and
spatial confinement of the limited grain size in the film. All
these structural and spectroscopic characterizations are in good
agreement with the theoretical model, leading to the conclusion
that we synthesized graphdiyne film which is consistent with
the theoretical structure.2

It is remarkable that the graphdiyne film would prefer to
grow on the surface of graphene rather than on SiO2/Si. The
selective growth could be characterized by Raman mapping.
Graphene was first patterned with an array of circles by
photolithography, and Figure 4a presents the corresponding

optical image. After reaction, Raman mapping was performed
with 2D peak of graphene at 2700 cm−1 and diyne peak of
graphdiyne at 2190 cm−1 (Figure 4b). The results profile that
the shape of graphdiyne was exactly consistent with that of
graphene, which further solidifies the facilitation of graphene
for the growth of graphdiyne film.
Taking into account the excellent conductivity of graphene

itself, we replace graphene with CVD grown hBN for electric
measurement. hBN is an excellent layered insulator material
with a wide direct band gap of 5.9 eV and could be a reliable
dielectric layer in electronic devices. It structurally resembles
graphene and was also proved to be beneficial for aromatic
molecule self-assemble and COFs (covalent organic frame-
works) film growth.29,30 Therefore, we extended this template
method to hBN, and the same synthesis process was executed
with hBN as surface template instead of graphene. The
graphdiyne film grown on hBN shows similar Raman feature to
that grown on graphene (Figure. S6). The sharp diyne peak is
an indication of graphdiyne film.
Fundamental transport measurements were performed to

estimate the electronic properties of the ultrathin graphdiyne
film. A schematic depiction of the device is shown in Figure 5a.
Typical I−V characteristic is shown in Figure 5b, displaying
good conductivity of graphdiyne film, and the linear behavior
indicates ohmic-like contact between the sample and electro-
des. Figures 5c and d show the output and transfer
characteristics of the device. When the Vg is positive scanning

Figure 4. (a) Optical image of pattern graphene fabricated by
photolithography. Scale bar, 5 μm. (b) Left: 2D band mapping of
graphene. Right: diyne peak mapping of graphdiyne, revealing that
graphdiyne film is selectively grown on the surface of graphene. Scale
bar, 5 μm.
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the conductance decreases, showing a p-type semiconducting
characteristic. The field-effect mobility of graphdiyne film
grown on hBN is calculated as 6.25 cm2 V−1 s−1 using the
equation μ = [dI/dVg][L/(WCgVds)], where L = 2 μm, W = 5
μm, and Cg = 12.1 nF·cm−2 (Cg = εrε0/d, d = 285 nm).31

The conductivity of the graphdiyne film originated from its
extensive conjugated sp2 and sp carbon networks. It is notable
that this value is among the top level of organic field-effect
transistor (OFET) or COF-based devices because of the
integrated conjugated covalent bonding in planar network. In
addition, different 2D templates were also compared and are
discussed in the Supporting Information, and Figure S7 shows
corresponding results. It can be deduced that the graphdiyne
films grown on graphene and hBN are of higher quality,
indicating that a graphene-like 2D atomic flat surface template,
which can increase the interaction between graphdiyne system
and substrate surface, is essential for growth of high quality
ultrathin graphdiyne film. The FET mobility is far lower than
that of the theoretical result because the carrier mobility of
graphdiyne is considerably more sensitive to defects and
domain boundaries, which interrupts conjugation and increases
phonon scattering. We are still on the way to further optimizing
for larger planar domains with fewer defects and extending
potential applications of graphdiyne in electronics.

■ CONCLUSION
In summary, continuous flat ultrathin graphdiyne film was
synthesized successfully by employing graphene as a template,
which would increase the interaction between the graphdiyne
system and substrate surface. The as-grown graphdiyne film
could also be exfoliated in solution, forming stable dispersion.
Systematic characterization confirmed the composition and
structure of the film. Meanwhile, graphdiyne-based FET devices
were also fabricated after extending this template strategy to
hBN, which demonstrated good conductivity and p-type
characteristic. This template method promoted the formation
of ultrathin graphdiyne film and provided a step forward for the
broad prospect of its applications in electronic devices. We also

paved a considerably feasible way for further exploring the
fundamental properties of graphdiyne.
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