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As a new member of the carbon family, graphdiyne is an intrinsic semiconductor featuring a natural bandgap, which endues it
potential for direct application in photoelectric devices. However, without cooperating with other active materials, conventional
hexacetylene-benzene graphdiyne (HEB-GDY') shows poor performances in photocatalysis and photoelectric devices due to its
non-ideal visible light absorption, low separation efficiency of the photogenerated carriers and insufficient sites for hydrogen
production. Herein, we report a molecular engineering strategy for the regulation of GDY-based carbon materials, by in-
corporating a strong pyrene absorption group into the matrix of graphdiyne, to obtain pyrenyl graphdiyne (Pyr-GDY) nanofibers
through a modified Glaser-Hay coupling reaction of 1,3,6,8-tetracthynylpyrene (TEP) monomers. For comparison, phenyl
graphdiyne (Phe-GDY) nanosheets were also constructed using 1,3,4,6-tetracthynylbenzene (TEB) as a monomer. Compared
with Phe-GDY, Pyr-GDY exhibits a wider visible light absorption band, promoted efficiency of the charge separation/transport
and more sufficient active sites for water reduction. As a result, Pyr-GDY alone displays superior photoelectrocatalytic per-
formance for water splitting, giving a cathode photocurrent density of ~138 pA cm ” at a potential of —0.1 Vversus normal
hydrogen electrode (NHE) in neutral aqueous solution, which is almost ten and twelve times as high as those of Phe-GDY
(14 pA cmfz) and HEB-GDY (12 pA cmfz), respectively. Such a performance is also superior to those of most reported carbon-
based metal-free photocathode. The results of theoretical calculations reveal that the carbon atoms in the acetylene bonds are the
active sites for proton reduction. This work offers a new strategy for the construction of graphdiyne-based metal-free photo-
electrocatalysts with enhanced photoelectrocatalytic performance.
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1 Introduction

On the road to solve the problems brought by global fossil
fuels, the development of clean energy is a crucial step [1].
As solar energy is the most important renewable and clean
energy with huge reserves and wide distributions [2,3], the
efficient conversion and utilization of solar energy is of great
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significance to alleviate the current energy crisis and en-
vironmental issues [4—7]. In this regard, photoelec-
trochemical (PEC) water splitting has attracted extensive
attention due to its capability of integrating the collection of
solar energy and the production of electricity and hydrogen
[8-11].

Although great efforts have been dedicated to the devel-
opment of photoelectrochemical cells (PECs), it is still rather
challenging to simultaneously meet the requirements of cost-
effective, long-term stable and high efficiency [11-13,14].
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Conventional PEC photocathodes generally resort to photo-
active materials such as metal oxides [15,16], silicon [17,18],
metal sulfides [19,20] and copper-based chalcogenides [21].
However, the high cost and not straightforward manu-
facturing techniques bring about scale up restraints. In recent
years, some metal-free carbon materials have emerged as
promising alternatives to the abovementioned photoactive
materials. The representative materials are conjugated or-
ganic materials, such as graphitic carbon nitride (g-C;N,)
[22-25], covalent triazine frameworks (CTFs) [26,27],
thiophenyl frameworks [28,29] and various heteroatom-free
carbon frameworks [30,31], all of which demonstrate that
carbon-based materials are an important class of synthetic
semiconductor for the storage and conversion of solar en-
ergy. However, most of the reported metal-free carbon ma-
terials display very low hydrogen evolution reaction (HER)
photocurrents (less than 50 pA cm >, see Table S2, Sup-
porting Information online), due to their poor visible-light
absorption ability and the lack of efficient catalytic centers.
The construction of metal-free photocathodes with high HER
photocurrents remains a great challenge.

Graphdiyne (GDY), which contains diacetylene links be-
tween spz-hybridizd carbon atoms, holds great promise as an
optoelectronic material by virtue of its natural semiconductor
bandgap. Particularly, hexacetylene-benzene graphdiyne
(HEB-GDY), which was first synthesized by Li and co-
workers in 2010 [32], has been widely used as a key com-
ponent in the rechargeable batteries [33,34], solar cells
[35,36], and photoelectric catalysis [12,13,37-40]. However,
owing to its poor light-harvest ability, HEB-GDY itself
shows non-ideal performance for PEC water splitting, such
as only marginal hydrogen productivity and relatively low
saturation cathode photocurrent density (about 20 pA cm72)
[12,13,40].

As the microscopic structures of nanomaterials determine
their physical and chemical properties [41], we are interested
in the function-oriented design and engineering of GDY
structure at the molecular level and exploring the catalytic
active sites of such sp- and spz-hybrid carbon material. In this
work, through copper surface-mediated Glaser coupling re-
action [42], we used 1,3,6,8-tetracthynylpyrene (TEP) and
1,3,4,6-tetracthynylbenzene (TEB) as conjugated monomers,
and synthesized 1D ultrafine GDY nanofibers (Pyr-GDY)
and 2D GDY nanosheet (Phe-GDY), respectively (Scheme
1). The photoelectric test results show that compared with
Phe-GDY, Pyr-GDY has a wider visible light absorption
band, stronger light response and longer optical carrier life-
time. More importantly, when Pyr-GDY is used in-
dependently as a metal-free photocathode for PECs, the
resulting photocurrent reaches up to 138 A cm > at—0.1V
vs. normal hydrogen electrode (NHE) in neutral aqueous
solution (100 mW cmﬁz), which is almost ten and twelve
times as high as those of Phe-GDY (14 pA cmfz) and HEB-
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GDY (about 12 pA cmfz), respectively. Such a performance
is also superior to those of most reported metal-free photo-
cathode materials (Table S2). The results of density func-
tional theory (DFT) calculation revealed that the carbon
atoms in the acetylene bonds are the active sites for proton
reduction.

2 Experimental

2.1 Instruments and method

Ultraviolet-visible (UV-Vis) absorption spectra were mea-
sured by an UV-Vis-NIR spectrophotometer (Lambda 750,
PerkinElmer, USA). Raman spectra were detected by a laser
confocal fiber Raman spectrometer (HORIBA EVOLV-
TION, HORIBA JobinYvon, France). X-ray photo-electron
spectroscopy (XPS) measurements were conducted on an
ESCALAB 250 Xi spectrometer (Thermo Scientific, USA)
with Al-Ka as the excitation source. Transmission electron
microscope (TEM) images were obtained on Talos F200X,
FEI (USA) using 120 kV acceleration voltage. Gas product
was detected on GC-2014 (Shimadzu, Japan).

2.2 Photoelectrochemical measurements

All electrochemical tests were carried out in a three-electrode
system with a reference electrode of Ag/AgCl and a counter
electrode of Pt. The simulated sunlight came from a 300 W
xenon lamp (100 mW cmfz). The electrolyte 0.1 M Na,SO,
(pH 6.8) was deoxygenated by pumping argon at room
temperature (about 25 °C) for 20 min before measurement.
The linear sweep voltammetry (LSV) characteristics of the
electrodes were measured using an electrochemical analyzer
(CHI 660 E) at a scan rate of 2 mV s . The electrochemical
impedance spectrum (EIS) was recorded by applying a
50 mV alternating current (AC) signal over a frequency
range of 10° to 0.1 Hz at a bias of 0.197 V vs. NHE on
PGSTAT 302N (Metrohm).

2.3 Preparation of Pyr-GDY and Phe-GDY

Pyr-GDY and Phe-GDY were synthesized with similar pro-
cedures (as shown in Scheme 1, and Schemes S1 and S2,
Supporting Information online). In brief, clean Cu foils were
immersed in a mixed solution of acetone (100 mL), pyridine
(5 mL) and tetramethylethylenediamine (1 mL). After desi-
lication, TEP/TEB monomer dissolved in acetone was
slowly added into the above solution and heated at 50 °C for
12 h. The copper ions released from Cu foils acted as the
catalyst for the coupling reactions of terminal alkynes
[43,44], and the terminal alkynes of TEP/TEB could couple
with each other to form extended m-conjugated carbon ske-
letons containing butadiyne links and pyrene/benzene rings
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Scheme 1 Illustration of the synthesis processes for Pyr-GDY and Phe-
GDY (color online).

(Scheme 1). As a result, two brown films (Pyr-GDY and Phe-
GDY) were grown on the copper foil with high structural
stability and good mechanical adhesion (Figure S1, Sup-
porting Information online), and the films were directly used
as the photocathodes.

3 Results and discussion

3.1 Characterization of Pyr-GDY and Phe-GDY

The TEM images of Pyr-GDY and Phe-GDY in Figure 1
show that Pyr-GDY presents a network texture of interwoven
1D fibers, and the diameters of these nanofibers are about
20 nm (Figure 1(a)). In comparison, the morphology of Phe-
GDY is stacked 2D nanosheets (Figure 1(b)), analogous to
that of the classical HEB-GDY [32]. Apparently, the nano-
topography of Pyr-GDY is in favor of the full exposure of its
active sites in electrolyte surface, and conducive to the re-
lease of generated hydrogen in the PECs. Herein, the dif-
ference in morphology between Pyr-GDY and Phe-GDY is
presumably due to the strong m-m stacking interactions
among TEP monomers; small pieces of Pyr-GDY are prone
to stack along the perpendicular direction to form 1D
nanofibers. In addition, the XRD patterns and high resolution
TEM (HRTEM) image of Pyr-GDY (Figures S2 and S3)
clearly show the interlayer spacing around 0.37 nm, in con-
sistent with the above inference. By contrast, the n-w stacking
interactions between TEB monomers are relatively weak,
and thus the alkyne coupling reactions along the 2D planar
directions are favored, resulting in the formation of 2D Phe-
GDY nanosheets (Scheme 1). These results indicate that
even under the same synthesis conditions, the nanostructures
of GDY can be regulated at the molecular level by selecting
different starting monomers.

The chemical compositions and electronic structures of
Pyr-GDY and Phe-GDY were investigated by XPS and Ra-
man spectroscopy. As shown in Figure 1(d), Pyr-GDY and
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Phe-GDY are both composed mainly of carbon element. The
existence of oxygen is probably due to the adsorption of
oxygen or partial oxidation of the acetylene bonds by the
oxygen in ambient atmosphere [12,32]. The C 1s peaks in the
XPS spectra of Pyr-GDY and Phe-GDY show four similar
components (Figure 1(e, f)), which are assigned to C=C (sp),
Cc=C (spz), C-0, and C=0, respectively [32]. Besides, the
integration ratio of sp and sp2 hybridized carbons in Pyr-
GDY and Phe-GDY are about 0.5 and 1.3 (Table S1), con-
sistent with the structures of TEP and TEB monomers, re-
spectively. In addition, the Raman spectra of Pyr-GDY and
Phe-GDY show two characteristic peaks around 1,900 and
2,100 cm ' (Figure 1(c)), which are ascribed to the vibration
of conjugated diacetylene links [32,42,45]. The above ex-
perimental results indicate that Pyr-GDY and Phe-GDY were
successfully constructed by the C—C coupling reaction of
terminal alkynes.

In order to examine the photoredox properties of Pyr-GDY
and Phe-GDY, the electronic band structures of these two
nanostructures were characterized by UV-Vis absorption
spectroscopy, XPS and ultraviolet photoelectron spectro-
scopy (UPS). The absorption spectra of TEP and TEB
monomers in Figure S4 show that TEP has a wider absorp-
tion band in visible light region than TEB. Similarly, com-
pared with Phe-GDY, Pyr-GDY also has a wider absorption
band in visible light region. The absorption edge of Pyr-
GDY and Phe-GDY are round 700 and 600 nm, respectively
(Figure 2(a)). Correspondingly, the optical bandgap (Ejg)
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Figure 1 TEM images of Pyr-GDY (a) and Phe-GDY (b); Raman spectra
(c) and XPS survey spectra (d) of Pyr-GDY and Phe-GDY; high-resolution
XPS spectra of C 1s of Pyr-GDY (e) and Phe-GDY (f) (color online).
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Figure 2 UV-Vis absorption spectra of (a) Pyr-GDY and Phe-GDY; (b)
the Tauc polts of (ochv)2 versus photo-energy for Pyr-GDY and Phe-GDY;
(c) XPS valence spectra of Pyr-GDY and Phe-GDY; (d) band structures of
Pyr-GDY, Phe-GDY and HEB-GDY (color online).

values of Pyr-GDY and Phe-GDY evaluated from UV-Vis
spectra are ~1.85 and ~2.10 eV, respectively (Figure 2(b)).
Then, UPS was conducted to estimate the HOMO position of
Pyr-GDY (Figure S5) [12]. As a result, the valence band
(VB) position of Pyr-GDY was obtained as 1.21 V vs. NHE.
In addition, the VB of Phe-GDY can be calculated from the
valence band difference between Pyr-GDY (2.0 eV) and
Phe-GDY (1.6 eV) (Figure 2(c)) as 0.81 V vs. NHE. The
conduction bands (CB) of Pyr-GDY and Phe-GDY were
calculated (Eyg—Egg) to be —0.64 and —1.29 V vs. NHE,
respectively. According to the above results, the band
structures of Pyr-GDY, Phe-GDY and HEB-GDY [13] can be
obtained (Figure 2(d)). The results show that the CB po-
tential of Pyr-GDY is more negative than that of the hy-
drogen electrode, and its VB potential is more positive than
that of the oxygen electrode. By contrast, for Phe-GDY, the
VB potential was slightly above that of the oxygen electrode,
which was disadvantageous for water oxidation. Besides, the
Eg; values of Phe-GDY and HEB-GDY were larger than that
of Pyr-GDY, suggesting that higher photon energies are
needed to generate carriers in these two materials. Thus, the
proper band position and energy gap may enable the Pyr-
GDY nanofibers to work as a superior photoelectrode ma-
terial for PEC devices.

3.2 Photoelectrocatalytic performances of Pyr-GDY
and Phe-GDY photocathodes

In order to assess the PECs performances of these two GDY-
based materials, Pyr-GDY and Phe-GDY grown on the
copper substrate were used directly as photocathodes in
Na,SO, solution (pH 6.8). As shown in Figure 3(a), both Pyr-
GDY and Phe-GDY showed response to light switch at
—0.1 V vs. NHE (the light intensity is 100 mW cm°), sug-
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Figure 3 PEC characterizations. (a) Plot of current density versus time of
Pyr-GDY and Phe-GDY under intermittent irradiation; (b) LSV of Pyr-GDY
(red) and Phe-GDY (blue) as photocathodes measured under dark and light;
(c) the electrochemical impedance spectra and the equivalent circuit of Pyr-
GDY and Phe-GDY measured under light; (d) the Bode phase plots of Pyr-
GDY and Phe-GDY (color online).

gesting that Pyr-GDY and Phe-GDY display typical p-type
semiconductor behavior. Particularly, Pyr-GDY showed a
much higher saturated cathodic photocurrent than Phe-GDY
(Figure 3(a)) and HEB-GDY (Figure S6(b)). The cathodic
photocurrent density of Pyr-GDY was approximately
138 pA cm 2, almost ten and twelve times as high as those of
Phe-GDY (14 pA c¢m °) and HEB-GDY (about 12 pA cm )
after subtracting the dark current. This performance is also
superior to most of the reported metal-free and non-
composite photoelectrodes, such as classical GDY, graphite
carbon nitride, and other carbon-based photocathode mate-
rials (see Table S2). The LSV curves of Pyr-GDY, Phe-GDY
and HEB-GDY under dark and light conditions also showed
that Pyr-GDY exhibits a relatively higher light response
current than Phe-GDY (Figure 3(b)) and HEB-GDY (Figure
S6(a)) at different bias. In addition, the EIS measurements in
Figure 3(c) show that compared with Phe-GDY, Pyr-GDY
has a much lower arc radius under light illumination. Be-
sides, the charge-transfer resistances calculated with an
equivalent circuit (inset in Figure 3(c)) are 135.4 and
709.8 Q for Pyr-GDY and Phe-GDY, respectively, suggest-
ing that the charge transport resistance of Pyr-GDY was
lower than that of Phe-GDY. Furthermore, the electron
lifetime of Pyr-GDY and Phe-GDY can be obtained from the
Bode phase plots (Figure 3(d)) [46,47]. The maximum fre-
quencies (fiax) of Pyr-GDY and Phe-GDY were measured to
be 5 and 316 Hz, respectively. As a result, the calculated
electron lifetime of Pyr-GDY (3.17><10_2 s) was almost 63
times as long as that of Phe-GDY (5.04x10* ), indicating
that the recombination of photogenerated carriers in Pyr-
GDY is much slower, and the carrier transfer kinetics of Pyr-
GDY was superior to that of Phe-GDY. Here, the mechan-
isms for the enhanced charge transfer of Pyr-GDY are mainly
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ascribed to these three aspects: wider light absorption
property, proper band structure and elaborated nanostructure.
These advantages may corporately result in the enhancement
of the charge transfer in Pyr-GDY. In addition, the electro-
lysis experiment suggested that after 0.73 C charge passed
through the external circuit, an approximately 3.4 pmol of H,
was produced, and the corresponding Faraday efficiency was
up to 90%. Besides, the incident photon-to-current efficiency
(IPCE) measurements (Figure S7) show that Pyr-GDY
photocathode has a higher IPCE value (1.1%) than that of
Phe-GDY (0.2%) at 525 nm. To evaluate the stability of the
Pyr-GDY photocathode, scanning electron microscope
(SEM), Raman spectroscopy measurements and electrolysis
on Pyr-GDY were tested (Figures S8-S10). The results
showed that after photoelectrolysis for 5 h, the morphology,
Raman peaks and electrolysis current of Pyr-GDY were si-
milar to those before photoelectric reaction, demonstrating
the good stability of Pyr-GDY as photocathode material.

3.3 DFT calculations

To gain more in-depth insight on the real HER-active sites of
these two graphdiyne-based materials, the Gibbs free en-
ergies for hydrogen adsorption on Pyr-GDY and Phe-GDY
were calculated via DFT calculations. Specifically, the Gibbs
free energies for hydrogen adsorption on seven different
carbon atoms of Pyr-GDY (Figure 4(a), Figure S11) were
calculated. The results in Figure 4(a) show that compared
with the other carbon atoms, site 2 (acetylenic carbon next to
the spz-hybrid carbon) featured a much lower Gibbs free
energy of 0.630 eV for H, evolution. For Phe-GDY (Figure 4
(b), Figure S12), the DFT calculation results also show that
the acetylenic carbon next to the benzene ring is a favorable
site for proton adsorption and reduction. All these results
indicate that the main active sites of such graphdiyne-based
carbon materials for H, production are the acetylenic carbon
atoms adjacent to the spz-hybrid carbon. Therefore, the
graphdiyne-based materials are expected to exhibit unique
advantages for hydrogen regeneration in the field of energy
conversion.

4 Conclusions

In conclusion, we demonstrate the molecular engineering of
the nanostructures of GDY by manipulating the conjugated
structures of the building blocks. Specifically, by taking
advantage of the different n-n stacking interactions between
TEP and TEB monomers, we successfully constructed 1D
Pyr-GDY ultrafine nanofibers and 2D Phe-GDY nanosheets.
Because of the wider range of visible light absorption, proper
band position and sufficient electrocatalytic active surface,
Pyr-GDY can be used directly as a metal-free photocathode
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(color online).

in PECs for H, production, delivering a saturated photo-
current of approximately 138 pA cm ” at 0.1 V vs. NHE,
which was almost ten times as high as that of Phe-GDY
(14 pA cmfz), and superior to most reported metal-free and
non-composite photoelectrodes, such as classical GDY,
graphite carbon nitride, and other carbon-based photo-
cathode materials. Beyond this work, we believe that through
the modulation of its special electron structures, graphdiyne-
based carbon materials can also serve as surprising candi-
dates for other photo/optoelectronic devices. To sum up, our
strategy here offers new in-depth insights on the relationship
between the electronic structure and photoelectric properties
of graphdiyne, and highlights the promising application of
graphdiyne-based carbon materials as high-activity organic
photoelectrodes.
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