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Abstract: The band gap of two-dimensional (2D) materials
become a hot issue for photoelectric detection. Recently,
public attention is thoroughly aroused as to the remarkable
electrical transport characteristic and super photoresponse
of 2D graphdiyne. The simulation results show that the
photoresponse can be adjusted in various solutions based
on the graphdiyne nanosheets with different sizes and
thicknesses. Based on few-layered graphdiyne nanosheets
prepared by a liquid-phase exfoliation method, a photoelectrochemical (PEC)-type few-layered graphdiyne
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photodetector is demonstrated in this paper. A group
of PEC tests are carried out in neutral solution to verify
the simulation results. The as-prepared graphdiyne
photodetector possesses high photocurrent density,
effective responsivity and excellent cycle stability
in condition of KCl electrolyte and solar illuminance. The
detectivity of the PEC-type graphdiyne photodetector
can be easy to adjust by altering electrolyte concentration and other corresponding parameters, which indicates the proposed equipment can be a good candidate
for photoelectric detection.
Keywords: graphdiyne; long-term stability; neutral environment; photodetection; photoelectrochemical.
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1 Introduction
Light detection is an indispensable behavior where the
optical signal can be converted into an electrical signal and
it plays an important part in transducer, communication
and spectroscopy. In recent years, two-dimensional (2D)
materials featured by mono- or few-layers become a popular part in lasers, photodetectors, biomedicine and other
fields. In the field of optoelectronics, there is growing
concern about 2D materials because of their unique electrical and optical characteristics, which come from the ultrathin flat construction. Because of zero bandgap
structure and high carrier mobility, graphene has been
taken as an object of study. The charge carriers in graphene
are similar to massless Dirac fermions [1]. Graphene also
has more advantages on weight and robustness than
traditional indium tin oxide (ITO), and has better ﬂexibility
[2]. In addition, graphene can be a transparent conductor
owing to its lower absorption (<2.3%) in the visible region
[2–4] and it has talent in broadband photodetection
because of its wide absorption. However, the graphenebased photodetectors have lower responsivity caused by
low absorption and nonexistent photoconductive gain [1],
which restricts their further applications [2]. The absence of
band gap gives rise to no electronic states and high dark
current, which is disadvantage for photodetectors [3].
Although several approaches can change the band structures of graphene [4], the applications of photodetection
still need further discussion. After graphene, black phosphorus (BP) has been widely studied and it reveals excellent talent in photoelectronic devices [5–9], sensors [10, 11],
lithium ion batteries [5, 12, 13], solar cells [14, 15], and
biomedicine [16–18] owing to its tunable direct band gap
[19, 20], high electronics ON/OFF ratio [21] and high carrier
mobility [22]. Nonetheless, the unstable problem has
plagued the BP under ambient conditions, which gives rise
to the failure of electronic and optical properties [23–25]. To
overcome the aforementioned problems, several countermeasures have been introduced, such as adding capping
layers [26, 27], ligand surface coordination [28, 29], ﬂuorination [30] and covalent aryl diazonium functionalization
[31]. But for all this, how to obtain BP-based photoelectrochemical photodetectors with the favourable performance is still difﬁcult. In order to overcome the unstability of BP, blackphosphorus-analogues (BPAs) have been
especially noticeable because of tunable band gap, high
carrier mobility and high ON/OFF ratio with a structure
similar to BP but more stable under ambient conditions.
Huang et al. studied different kinds of BPAs [32–36] and
realized favourable photodetection function and stability.

Pletikosic et al. [37] reported SnSe material and achieved
high carrier mobility and excellent stability under ambient
conditions. Nevertheless, these advantages of BPAs above
only can be obtained under speciﬁc conditions. Especially
in neutral or acidic aqueous solutions, the strength of the
photoelectric detected signal is very weak [38, 39]. Apart
from graphene and BP, transition metal dichalcogenides
(TMDs) possess high carrier mobilities and low dark currents [40]. By reason of the various band gaps versus
thicknesses, the electric and optical attributes can be
tailored by changing the cutoff wavelength [41, 42].
Recently, transition-metal carbides and/or nitrides (known
as MXenes) have emerged and widely investigated [43–46].
In addition, non-layered 2D materials have been favored by
researchers [24, 47–49] owing to their unique properties of
afﬂuent dangling bonds, particular structural distortion,
adjustable band gap, and high carrier mobility [50–54].
The fabrication of non-layered 2D materials usually adopts
the van der Waals epitaxial method and chemical vapor
deposition [55]. However, for the fabricated methods
above, harsh preparation process is a fairly challenge
including extreme temperature and vacuum environment.
As a new carbon family material, graphyne possesses
distinguished optical and electronic characteristics based
on its special sp- and sp2-hybridized carbon structure [56].
However, it for a long time was stagnant since the ﬁrst
graphyne has presented in 1987. In 2010, large-area
graphdiyne ﬁlms were fabricated for the ﬁrst time by the
Glaser–Hay cross-coupling reaction [57]. Unlike graphene
with zero band gap, ﬁrst principle calculations conﬁrmed
that graphyne has an inborn band gap energy, where the
minimal band gap is about from 0.46 to 1.22 eV with various
approaches and exchange correlation functions [57, 58].
Graphynes can be divided into α-graphyne, β-graphyne,
γ-graphyne and so on, in which the γ-graphyne also means
graphdiyne. Graphdiyne has been revealed abundant applications including separation and puriﬁcation, energy
storage and transfer, catalysts, electronic and magnetism,
biomedicine and therapy, even in detector ﬁelds while the
issue in electrochemical interfaces can be solved via
employing GDY [59–62]. Li et al. reported about hydrogen
evolution via anchoring zero valence single atoms of nickel
and iron on GDY, generating of ammonia and hydrogen on
a GDY-based catalyst, obtaining high-performance organic
batteries by in situ weaving GDY nanocoatings and
GDY-cobalt nitride (GDY/Co2N) as a catalyst for the electrochemical nitrogen reduction reaction (ECNRR) [63–67].
Zhang et al. [68] revealed that GDY graphdiyne exhibits
outstanding nonlinear properties in nonlinear photonic
devices, such as Kerr switcher, modulator, and wavelength converter. In view of the modiﬁed structure of
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sp2-hybridized carbon, graphdiyne possesses higher
stability and more outstanding carrier mobility than
graphene. However, to the best of our knowledge, highperformance photo-electrochemical (PEC) photodetector
of graphdiyne and the band structure and adsorption energy of OH and H2O for the different shapes of graphdiyne
nanosheets have been rarely researched.
In this paper, a simulation was carried out to reveal
various photoresponse performances based on graphdiyne
nanosheets with different sizes and thicknesses. A facile liquid
exfoliation approach was employed to prepare graphdiyne
nanosheets which were used to fabricate PEC-type photodetector with outstanding photoresponse. The cycling performance and long-term stability tests show that graphdiyne
photodetector possesses attractive durability in condition of
chloride environment. In addition, the photoelectronic performance of graphdiyne PEC-type photodetector in different
KCl concentrations was investigated.

2 Simulation
Firstly, a first principle calculation based on density
functional theory (DFT) is performed to investigate the
photocurrent of graphdiyne in photoelectrochemical
experiment. Apart from the band structure which is
related to the excitation of photoelectrons, we also
calculate the free energy of oxygen evolution reaction
(OER) on graphdiyne to exclude the effect of electrolysis
of water. Figure 1a and b are the band structures of
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monolayer and bilayer graphdiyne. It can be seen that
the band gap decreases with the increase of layer
number, which is a general phenomenon in 2D materials. For a semiconductor with smaller band gap, the
electrons are easier to be excited by photons and the
photocurrent will be enhanced. The samples in experiment are about 10 layers and the band gap should be
smaller. Based on our calculation about the OER reaction, the adsorption energy of OH− on graphdiyne is
about −0.56 eV. So, OH− should be easy to adsorb on the
surface of graphdiyne in alkaline environment. According to the reactive molecular dynamics simulations
revealed by Jhon et al. [69], the mechanical properties of
MXene can be enhanced by surface terminations due to
the improved stiffness. It is supposed that the graphdiyne with terminations possess excellent mechanical
stability, which will be experimentally conﬁrmed in the
following experiments. We calculated the band structure of four-layer graphdiyne with and without the
adsorption of OH− and the corresponding results are
shown in Figure 1c and d respectively. It can be seen that
the four-layer graphdiyne without OH is a semiconductor while it transforms to a metal when OH is
adsorbed on it. This indicates that the layered graphdiyne may have a better performance in neutral or acid
environment than that in alkaline one.
Apart from the current when light is on, the dark current is also an important parameter for photodetector
because it determines the smallest detectable signal as
described by the following equation.

Figure 1: The band structure of (a) monolayer
and (b) bilayer graphdiyne; the band
structure of (c) four-layer graphdiyne with
the adsorption of OH− and (d) without the
adsorption of OH−.
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0.5

s
D∗ = Rph × (
)
2q × I off

(1)

The standard electrode potential is about 0.4 and 0.8 V
respectively in pH = 14 and pH = 7 solutions. So, when the
voltage on anode is large enough and the overpotential of
anode material is small enough, there may be OER reaction
on the anode. Therefore, we calculate the free energy of
OER reaction on layered graphdiyne and the corresponding
results are shown in Figure 2.
∗ + H2 O = ∗OH + H+ + e−

(2)

∗OH = ∗O + H+ + e−

(3)

∗O + H2 O = ∗OOH + H+ + e−

(4)

∗OOH = ∗ + O2 + H+ + e−

(5)

Under the neutral condition, pH = 7 and the standard
electrode potential is adjusted to be 0.8165 V. All the
calculated free energies in this work have been corrected
with vibrational energy and entropy. It is obvious that the
ﬁrst step needs the largest overpotential (1.93 V) and it is
the rate determining step. But in fact, the applied voltage
on graphdiyne anode is only 0.6 V in experiment.
Therefore, there should be no OER reaction on graphdiyne. This result is consistent with the experimental
observations. On the cathode, there are many bubbles
when the voltage is applied, and the process is lasting.
So, there should be hydrogen evolution reaction (HER).
On the anode, however, only a few bubbles are observed,
and we ascribe these bubbles to the air or vapor in the
solution.
In conclusion, the calculated band structure implies
that the photo response of layered graphdiyne should be
strong and it may have a better performance as a photodetector in acid or neutral environment than in alkaline

environment. On the other hand, the possibility of OER
reaction on the anode is excluded and the dark current will
not be contributed by the OER reaction. It means that
layered graphdiyne will have a large D∗ and high sensitivity. Therefore, we suppose that layered graphdiyne
should be a good candidate for photodetector especially in
acid or neutral environment.

3 Results and discussion
Based on the simulation results, the synthetic approach
of the graphdiyne nanosheets is modiﬁed (detailed in
Section 5) and the sample is achieved with thin and large
morphology which is hoped to show better photoresponse
ability in neutral or acidic environment. Figure 3(a) represents the outline and structure of the as-prepared graphdiyne by scanning electron microscopy (SEM), which is
recorded on a JEOL JSM-7000F electron microscope (Japan).
The microstructure of nanosheets can be observed obviously. Figure 3(b) shows a plicated layer outline of graphdiyne by the transmission electron microscopy (TEM) with
the type of FEI Tecnai F20 instrument (USA). This indicates
that the as-prepared graphdiyne after ultrasound operation
can be a 2D material with more distinct morphology than
those in other references [70, 71]. The diversity of chemical
bonding in the same carbon layer or among different carbon
layers leads to the plicated morphology. The as-prepared
graphdiyne nanosheets possess several obvious chemical
and physical characteristics including wide surface area,
high carrier mobility and good toughness, etc. Figure 3(c)
represents the high-resolution transmission electron microscopy (HRTEM) image of graphdiyne with the obvious lattice
fringes, which indicates well crystallinity of the obtained
graphdiyne nanosheets. Figure 3(c) inset shows the clearly
diffraction spots from the selected area electron diffraction

Figure 2: Free energy of four steps of oxygen
evolution reaction (OER) reaction on the
graphdiyne as the anode.
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Figure 3: (a) scanning electron microscopy (SEM) image, (b) transmission electron microscopy (TEM) image, (c) high-resolution transmission
electron microscopy (HRTEM) image of exfoliated graphdiyne (inset is SEAD pattern), (d) atomic force microscope (AFM) image relative crosssectional analysis of as-prepared graphdiyne nanosheets, (e) X-ray diffraction (XRD) pattern of as-prepared graphdiyne nanosheets and
(f) Raman spectra of exfoliated graphdiyne nanosheets on SiO2/Si substrate.

(SAED) image, which indicates the nanocrystal morphology
and well-structured crystallinity of the obtained graphdiyne nanosheets. The SAED patterns of various stacking
modes of graphdiyne have been calculated [72]. The corresponding lattice distance is the same as the lattice
stacking mode. The diffraction spots are tested and
various lattice distances are observed. Figure 3(d) shows
the atomic force microscope (AFM) image of the asprepared graphdiyne nanosheets on the Si/SiO2 substrates. The slice proﬁle of the graphdiyne nanosheets can
be observed and measured. The corresponding proﬁle of
the graphdiyne nanosheets shows that the thickness of
the nanosheets is less than 10 nm. Figure 3(e) shows the
X-ray diffraction (XRD) patterns of PhBr6, CaC2, graphdiyne and graphite PDF card (JCPDS NO.01-089-8487).
This XRD patterns are tested on Panalytical X′ Pert X-ray
diffractometer (Holland) ﬁtted with Cu-Kα radiation in
condition of 40 kV accelerating voltage and 40 mA
applied current. The rest of the unreacted PhBr6 and CaC2
are entirely eliminated with the puriﬁcation operation
because of the absence of their characteristic diffraction
peaks. The obtained graphdiyne represents two obvious
diffraction peaks at the 2θ of 26 and 54°, which are
consistent with the crystal planes of (002) and (004) [70].
In addition, several little diffraction peaks are shown in
XRD patterns of graphdiyne owing to the graphite. The

XRD patterns of graphdiyne demonstrate ﬁxed carbon
content in the obtained graphdiyne in standard graphitized form. In order to identify the chemicals surrounding
the carbon materials, Raman spectra is employed on a
Raman spectrometer (Renishaw, UK) with a 325 nm He–
Cd excited laser source, as shown in Figure 3(f). Two
predominant peaks in Raman spectra of graphdiyne are
depicted at 1360 cm−1 (D band) and 1583 cm−1 (G band),
respectively. The presence of D band is because of several
ﬂaws and chaotic constructions in carbonaceous materials. However, the occurrence of G band indicates the
ﬁrst-order Raman expanding for same-phase expanding
shock of sp2-cross-fertilized carbon in aromatic rings. In
addition, there are two weak bands located at 2148 and
2204 cm−1 because of the vibration of conjugated ethynyl
links originating from the vibration of sp-hybridized
carbon [73].
In order to evaluate the photoresponse performance of
graphdiyne, a group of photoelectrochemical test results
has been depicted in Figure 4. The C–V curve is depicted by
linear sweep voltammograms (LSV) in condition of 0.5 M
KCl with a scanning speed of 10 mV s−1, as shown in
Figure 4a. The dark current density of the graphdiyne
electrode is located above 0 A in condition of the bias potential of 0 V. The intensities of light and dark photocurrent
increase versus the bias potential. In addition, intensity
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Figure 4: (a) Linear sweep voltammograms (LSV) tests of graphdiyne in 0.5 M KCl in the dark and light environments, respectively.
(b) Photocurrent density of graphdiyne in condition of different illumination intensities in 0.5 M KCl. (c) Matching B-spline curve and calculated
photoelectric responsivity versus irradiance power intensity in 0.5 M KCl. (d) LSV measurements of graphdiyne in 0.5 M KCl in condition of
various wavelength. (e) Photocurrent density in condition of bias potential of 0 V in 0.5 M KCl, and (f) photocurrent density in condition of bias
potential of 0.3 and 0.6 V under 0.5 M KCl.

and wavelength from incident light are two important parameters for the performance evaluation of photodetectors
[74, 75]. The photocurrent density of graphdiyne nanosheets increases along with the power intensity of incident
sunlight steadily in condition of the bias potential of 0 V, as
shown in Figure 4b. The photocurrent density achieves
650 nA·cm−2 in condition of the power intensity of
100 mW·cm−2, which is two times higher than that at
20 mW·cm−2. In addition, the photocurrent density (Ip) of
graphdiyne photodetector is proportional to Pθ where P
represents the power intensity of incident sunlight and θ
represents the relationship between the tapping and
recombination processes of the photocarriers [76]. To study
the photoresponse performance of graphdiyne nanosheets
at a deeper level, the photoelectric responsivity versus
irradiance power intensity is depicted in Figure 4c, where
the responsivity can be expressed by [77]:
R=

I
J light

(6)

where I and Jlight are the photocurrent density and the irradiance intensity, respectively. The photoelectric responsivity
of graphdiyne nanosheets increases along with the irradiance power intensity from 20 to 100 mW·cm−2. The photocurrent density versus bias potential in condition of different
irradiation wavelengths is depicted in Figure 4d. The current
density increases ﬁrst, but it gradually decreases after it

reaches max value along with the bias potential, while the
photocurrent density remains steady growth in the vicinity of
the zero bias potential, which is consistent with the absorption spectra of graphdiyne. The above results show that
graphdiyne possesses steady responsivity and stable sensitivity versus power density and wavelength of incident irradiation, which indicates the talent of graphdiyne in practical
photodetectors.
In addition, an on/off switched phenomenon can be
observed in Figure 4e by measuring with a self-powered
PEC-type graphdiyne photodetector in condition of the bias
potential of 0 V. With the on/off change of the incident
irradiance periodically, the current density switches efﬁciently and steadily. A high on/off ratio can be achieved
with the current density of −4650 nA·cm−2 for incident
irradiation and −4800 nA·cm−2 for dark. When the applied
bias potential is adjusted from 0 to 0.3 and 0.6 V, the
photocurrent density of graphdiyne photodetector increases from −4650 to 350 and 550 nA·cm−2 as shown in
Figure 4f, and the responsivity of graphdiyne photodetector increases from 15 to 19 and 37 μA·W−1, respectively,
which can be ascribed to the rasied PEC performance under
positive potentials [78]. The above results indicate that the
proposed graphdiyne photodetector possess high responsivity and effectively sensitivity without the help of
external bias potential and the optimization of carrier
concentration and photocurrent density versus the applied
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bias potential [78]. A potential gradient within graphdiyne
nanosheets can be established for accelerating separation
between photogenerated holes and electrons under the
applied bias potential. This illustrates the photodetection
performance can be optimized by reasonable adjustment of
bias potential. For comparison, several typical photodetectors are listed in Table 1 based on the nanosheets or
ﬂakes of BP [79–81], WSe2 [82], MoS2 [83–85], WS2 [85].
Although the photoresponsivity of FET-based photodetector is more excellent than that of PEC-type photodetector, the prominent photoresoponse activity of PEC-type
graphdiyne photodetector possesses huge possibilities and
immense research worth.
Cycle stability and time stability are two key parameters to estimate the perdurability of graphdiyne photodetector in 0.5 M KCl. Figure 5a shows the current density
versus potential after 50 and 100 cycles without obvious
reduction and a minor offset owing to the decrease of
functional material. After a long period of test, the time
stability of the graphdiyne photodetector has been
demonstrated with fairly stable photocurrent density
which possesses slightest disturbance near 380 nA·cm−2, as
shown in Figure 5b. In fact, the photoresponse phenomenon of graphdiyne photodetector still remains stable and
reasonable outside the on/off switching scope of 500 s,
which indicates the high stability and reliability of graphdiyne in saline surroundings. The high stability of graphdiyne can be partly ascribed to the surﬁcial terminations
such as hydroxyl, as mentioned in the DFT calculation
section. Similar results can be observed in our previous
work, where the niobium carbide MXene with –OH/–F
terminations also shows excellent stability [86]. Figure 5c
depicts the photocurrent density of graphdiyne photodetector with different stored time of 1 h, one day, seven days
and 30 days in condition of 0.5 M KCl. It is easy to see that
the photocurrent density always maintains stable momentum without any obvious ﬂuctuations after 1 h. Next,
the photocurrent density creates decay during one day
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from 460 to 250 nA·cm−2. The obvious decrement of the
photocurrent density occurs after seven days and 30 days
with the decline range of 210 and 235 nA·cm−2, while the
distinct on/off switching in both cases indicates the stability of the graphdiyne photodetector for long time.
In addition, the photoresponse performance of
graphdiyne photodetector is tested with various concentrations of KCl electrolyte in condition of the incident
irradiance of 100 mW cm−2 (Figure 6a). Figure 6b depicts
the current density versus potential with different concentrations of KCl and NMP. The current density increases
along with the applied bias potential especially
beyond −0.4 V in above electrolytes except NMP. Furthermore, the maximal current intensity of graphdiyne photodetector occurs in 0.5 M KCl. The current increases
from −0.8 to −0.35 mA versus the decline of the KCl concentration from 0.5 to 0.05 M in condition of the applied
bias potential of −0.6 V. Besides, Figure 6c depicts the
response time (tRES) and recovery time (tREC) of graphdiyne
photodetector in different KCl concentrations, where the
rise and decay from 10 to 90% and from 90 to 10% of its
peak value, respectively. The time response coefﬁcient of
response (τres) and recovery (τrec) can be expressed by [87]
I(t) = I + A[exp(−t/τ)]

(7)

where a rapid response time of 0.5 s and a fast recovery
time of 1.1 s are observed in 0.1 M KCl, respectively owing to
the intrinsic property of fast electron transfer of graphdiyne. The relevant response results versus the concentration of KCl demonstrate the impacts of the concentration
of electrolyte on the photocurrent density and the photoresponse performance in PEC type photodetectors. Finally,
the electrochemical impedance spectrum (EIS) under
different concentrations of KCl is investigated to demonstrate the photoresponse character ulteriorly (Figure 6d).
Based on EIS, the contact resistances (Rs) can be calculated
to indicate the resistance on interface between electrode
and electrolyte, which suggests the electron transform

Table : Contrastive list of several test parameters for the as-prepared graphdiyne photodetector and others.
Materials

Conditions

Rise time

Ion/Ioff

Responsivity

Ref.

γ-graphyne nanosheets
Few-layer BP ﬂakes
Few-layer BP ﬂakes
Few-layer BP
WSe nanosheets
MoS nanosheets
Single-layer MoS
MoS/WS heterojunction

. M KCl, . V
Shottky-contact Vds = − V, Vg = − V
Shottky-contact Vds = − V, Vg =  V
FET, Vds = . V, Vg =  V
Shottky-contact Vds =  V, Vg = − V
Shottky-contact Vds =  V, Vg = − V
FET, Vds =  V, Vg =  V
FET, Vds =  V, Vg =  V

. s
 ms
–
 ms
 s
s
 ms
s


.

–
–
–
∼
.

– μA/W
. ×  A/W
. mA/W
. mA/W
 A/W
 A/W
. mA/W
. A/W

This work
[]
[]
[]
[]
[]
[]
[]
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Figure 5: (a) Cycling stability experiments of graphdiyne photodetector in 0.5 M KCl. (b) Long-term photocurrent response tests of graphdiyne
nanosheets-based photodetector. (c) Time stability measurements of graphdiyne photodetector after 1 h, 1 day, 1 week and 1 month under
0.5 M KCl.

efﬁciency. The values are calculated to be 16.2, 35.9, and
52.7 Ω in 0.5, 0.1, 0.05 M KCl, respectively. In Figure 6d, the
graphdiyne nanosheets possess weak Rs under all salt
environments. The Rs of the graphdiyne in 0.5 M KCl is
smaller than that in concentrations of 0.1 and 0.05 M. It is
worthy to note that Rs in 0.5 M KCl is much higher than that
in low concentration environments mainly caused by a
combination of conductivity and viscosity [88]. In addition,
a continued slowdown in concentration of electrolyte will
further weaken the photocurrent density and lose efﬁcacy
of PEC reaction. Therefore, under the equilibration together
with photocurrent density and electron transform efﬁciency, the proposed graphdiyne nanosheets possess
distinguished photoresponse performances with the saline
solution in favor of graphdiyne photodetectors.

4 Conclusion
In summary, the photoresponse can be adjusted in various
solutions based on the graphdiyne nanosheets with different
sizes and thicknesses. 2D graphdiyne nanosheets have been
presented with a businesslike liquid exfoliation approach
and were succeed in employing for PEC-type photodetector.
The as-prepared photodetector shows outstanding photocurrent density and photoresponse ability in condition of
chloride environment under solar illuminance. The test results show that graphdiyne photodetector exhibits raised
responsivity and cycling stability in condition of KCl solution.
This paper shows the fundamental relationship between
the photoresponse property and graphdiyne nanosheets
based photodetectors, revealing its potential optoelectronic
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Figure 6: (a) Photocurrent measurements in various KCl concentration under dark and light environments. (b) Current versus bias potential
under different KCl concentration and NMP solution. (c) Normalized photocurrent density under different time associates with exponential
equation and the time constants for the response and recovery. (d) The impedance spectroscopic graphdiyne in various KCl concentration.

applications because of its intrinsical construction and
photoelectronic ability.

5 Experimental section
The synthesis procedures of graphdiyne is followed
Ref. [57], as shown in Figure 7a by Glaser coupling of the
hexaethynylbenzene (HEB) monomer which was synthesized by Nigish coupling of hexabromobenzene and trimethylsilylacetylene zinc agent. To a solution of 1-heptyne
(24 mmol) in THF (12 mL) at 0 °C was added 24 mmol of
n-butyllithium in hexane. The solution was stirred for 5 min
followed by the addition of anhydrous zinc chloride
(24 mmol) dissolved in THF (24 mL) [89]. The mixture was
stirred for an additional 15 min at room temperature. Then
1.1040 g (2.00 mmol) of hexabromobenzene, 600 mg
(0.480 mmol) of Pd(PPh3)4, 30 mL of toluene were added
into the zinc agent solution dropwise in a three-necked
ﬂask. The mixture was stirred under an argon atmosphere

at 80 °C (oil bath temp.) for 3 days. After 24 mL of 1 M HCl
was added, the reaction mixture was extracted with ethyl
acetate. The combined organic layer was washed with
brine and dried over anhydrous Na2SO4. The solvent
was evaporated and the residue was then puriﬁed by
column chromatography (silica gel, hexane: dichloromethane = 5:1) to yield 991 mg (63.2%) of hexakis [(trimethylsilyl)ethynyl] benzene as pale yellow solid. To a
solution of 991 mg (1.50 mmol) in 340 mL THF was added
9.10 mL TBAF (1 M in THF, 9.1 mmol) and stirred at 8 °C for
10 min. The solution was then diluted with ethyl acetate
and washed with brine and dried with anhydrous Na2SO4.
The solvent was removed in vacuo and the deprotected
material (202 mg, 62 %) was rediluted with 560 mL pyridine
dividing into three ﬂask and added slowly over 24 h to a
solution of copper foils in 380 mL pyridine via constant
pressure drop funnel at 60 °C and stirred under a nitrogen
atmosphere at 60 °C for two days. Upon completion copper
foils were washed with acetone and DMF and a black ﬁlm
was obtained on the copper foil, as shown in Figure 7b.
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Figure 7: (a) The synthetic route for graphdiyne. (b) The graphdiyne film on copper foil. (c) The graphdiyne film after the liquid-phase
exfoliation.

Finally the liquid-phase exfoliation was used in the FeCl3
solution to afford the light yellow membrane, graphdiyne
nanosheet [57] as shown in Figure 7c.
The photoresponse performance was tested with a
photoelectrochemical test system in condition of 0.5 M
KCl electrolyte. This system includes three electrodes
where the graphdiyne nanosheets adhered to ITO was
regarded as the working electrode (photoanode), the
platinum wire was regarded as the counter electrode
(cathode) and the saturated calomel electrode was
regarded as the reference electrode. The substrate of the
working electrode in this paper was employed by an
indium-tin oxide (ITO) conductor glass with the size of
20 × 10 × 1 mm3. After ultrasonically washed by acetone,
ethanol and deionized water in turn, the ITO glass was
covered by the mixed slurry of 1 mg exfoliated graphdiyne nanosheets and 1 mL NMP solution with 0.1 mg
PVDF. The working electrode was dried for 12 h, yielding
a catalyst loading of about 0.5 mg/cm2 on the ITO glass.
The PEC test was carried out with the present samples at
a scan rate of 10 mV/s in condition of the KCl solution
concentration of 0.1 M. The photocurrent can be generated under the regulation of bias potential with the
electrochemistry workstation CHI660E (CH Instruments,
Inc., Shanghai). A 350W Xenon arc lamp was introduced
to simulate sunlight illumination with the light intensity
of 100 mW·cm−2. The EIS test was carried out in condition
of open-circuit potential with perturbation amplitude of
5 mV and the frequency from 100 kHz to 0.01 Hz. All the
tests were implemented on equal terms.
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