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ABSTRACT: Sp-C-hybridized alkyne bonds present the natural
advantages of interacting with metal atoms and have the ability to
generate a large number of new catalytic active sites on the surface and
the interfaces, thus greatly promoting the efficient progress of various
light/electrochemical reactions. In this work, we have successfully
fabricated a novel type of interfacial structure containing sp-C−Mo/O
bonds and mixed Mo valence states with outstanding catalytic activity
and stability for photoelectrocatalytic (PEC) overall water splitting in
a wide pH range (0−14), due to the presence of sp-carbon-rich
graphdiyne. For example, in alkaline conditions (pH = 14), the
overpotentials of oxygen and hydrogen evolution reactions at 10 mA
cm−2 are 165 and 8 mV. When being used as an electrolyzer, the cell
voltage of this catalyst is only 1.40 V to achieve 10 mA cm−2. The high
PEC activity of graphdiyne@molybdenum oxide originates from the conversion of chemical bonds at the sp-C hybrid interface and
the coexistence of multivalent states of molybdenum, triggering a large number of catalytic active sites, greatly promoting charge
transfer and lowering water dissociation energy.
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1. INTRODUCTION

Photoelectrocatalytic (PEC) water splitting is a model of solar
energy utilization to directly dissociate water (H2O) into green
hydrogen (H2) at ambient temperatures and low over-
potentials, with no greenhouse gas emissions.1−6 Considerable
efforts have recently been devoted to design and synthesize
new catalysts with highly catalytic performances. As an intrinsic
wide bandgap n-type semiconductor (bandgap ≈ 3.2 eV),
molybdenum oxide (MoO3), with the potential as an excellent
catalyst, has been extensively studied for photocatalytic
applications in recent years.7 However, obtaining molybde-
num-oxide-based materials with the efficient capture and
conversion of solar energy into hydrogen fuel becomes highly
challenging, due to its low intrinsic conductivity and low light
response.
In view of the above issues, improving the conductivity and

light capture abilities of molybdenum-oxide-based materials is
the core problem. Therefore, designing a reasonable catalyst
interface structure for accelerating the interface electron
transfer and promoting the charge polarization on the
interfaces is considered to be a very effective strategy.8−10

Such an interface structure plays critical roles in improving the
abilities of the conductivity and light capture and then leads to
the catalytic activity and selectivity in various reactions.11−17

The combinations of metal catalysts and carbon materials are
outstanding examples to form heterostructured interfaces with

optimal structures, exposing a large number of active sites and
enhancing charge transfer ability.18,19

There was no progress in the precise control for synthesis of
carbon materials with sp-C-containing active sites. This is due
to the limitations of the defect in traditional synthetic chemical
methods. Graphdiyne (GDY) is rich in sp-C-hybridized alkyne
bonds, which is a rising star on the horizon of carbon materials
with many unique properties such as uneven surface charge
distribution, high hole mobility, a highly π-conjugated
structure, abundant natural pores, and a tunable band gap,
and so on.20−27 These features have established a solid position
of GDY in the fields of catalysis, energy conversion and
storage, intelligent response, and so on.28−50 GDY has been
demonstrated to be an indispensable material as an excellent
hole transfer layer for photocatalysis that effectively prevents
the recombination of photogenerated electrons and holes, thus
endowing the formed GDY/semiconductor heterostructure
with excellent photocatalytic performance.51−54 As carbon
material, GDY is the only all-carbon material that can be grown
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on the surface of arbitrary materials.20−23,38,55,56 Thus, the
ideal interface for multiple-combination selectivity results in
improved charge transfer behavior and increased active site
numbers, which is very suitable for the construction of high-
performance catalysts.
Part of the obvious structural features of GDY, the sp-C-

hybridized carbon atoms in alkyne bonds have the natural
advantages to interact with metal atoms57−59 and nonmetal
atoms,36,60 generating newly uniform and highly dispersed
active sites of alkyne−“M” and alkyne−“NM” at the interfaces,
respectively, which have been demonstrated to significantly
improve the interfacial charge transfer behavior and thus
enhance catalytic performances. Another outstanding property
for GDY is it can efficiently and controllably regulate the
valence states of the catalytically active metal atoms to enhance
their catalytic activity. Many recent studies from different
viewpoints have greatly promoted the rapid development of
GDY in the catalytic field.21−27 However, Mo mainly exists in
its high valence state in nature, and the rational and
controllable modulation of the forms and types of interfacial
chemical bonds and valence states of Mo in molybdenum
oxide to generate new intrinsic active sites has never been
explored.
With that in mind, we report the construction of a novel

structure on the interface between the MoOx and GDY. The
valence states of Mo atoms were found to form new
catalytically active sites with accelerated charge transfer and a
lowered energy barrier of water dissociation for the enhance-
ment of PEC performances. The self-supported molybdenum
oxide quantum dots were synthesized with a size of ∼3.3 nm
by GDY as a support (GDY@MoOx). The sample was
characterized and calculated by combination of the use of
SEM, HRTEM, HAADF, XPS, and density functional theory
calculations. Interestingly, a high active interface was produced
by combinated C−Mo and C−O bonds and mixed valence
states of Mo (5+/6+). The catalytic activity and stability for
the PEC hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) as well as overall water splitting
(OWS) were greatly enhanced in a wide pH range (0−14).

2. EXPERIMENTAL SECTION

2.1. Materials

Sodium molybdate was purchased from Sigma-Aldrich. Hexabromo-
benzene was brought from J&K Scientific. Tetrabutylammonium
fluoride and anhydrous zinc chloride were purchased from Alfa Aesar.
Tetratriphenylphosphine palladium and N-butyl lithium were brought
from Energy Chemistry. Trimethylsilylacetylene was purchased from
Shanghai Shaoyuan Reagent Co., Ltd. A Millipore system (RephiLe
Bioscience, Ltd., China) was used to purify water. Toluene and
tetrahydrofuran were fully refluxed with sodium blocks to remove
water. All other reagents were supplied by Tianjin Concord
Technology Co., Ltd. and directly used without further purification.

2.2. Preparation of 3D GDY Electrodes

3D GDY electrodes were prepared according to previous literature
with a minor modification.20 In brief, two pieces of carbon fiber cloths
(CF, 2 × 3 cm) were added to a 50 mL Teflon-lined stainless-steel
autoclave containing 40 mL of pyridine of hexakis[(trimethylsilyl)-
ethynyl]benzene (HEB, 0.625 mg mL−1). Then, the reaction system
was kept at 110 °C for 12 h. After the completion of the reaction, the
obtained two pieces of GDY electrodes were washed thoroughly by
acetone and N,N-dimethylformamide, 1 M HCl, deionized water, and
acetone to remove residual copper species.

2.3. Preparation of GDY@MoOx Electrodes
GDY@MoOx electrodes were synthesized through an in situ reduction
method. Briefly, a piece of 1 × 2 cm as-synthesized GDY was
immersed into 10 mL of aqueous solution of sodium molybdate (0.3
mg mL−1) for 1 h. Then, the mixture was transferred into a 25 mL
Teflon-lined stainless-steel autoclave and held at 120 °C for 8 h. After
cooling down to room temperature, the obtained GDY@MoOx
electrode was washed with deionized water several times, followed
by being used for photoelectrochemical measurements. For
comparison, the control catalyst was synthesized under the same
conditions except that the substrate was pure CF, not GDY.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structural Characterizations

Scheme 1 presents the typical procedure for the synthesis of
GDY@MoOx. Briefly, the GDY@MoOx was synthesized

through a two-step strategy including the first fabrication of
self-supported GDY nanosheet electrodes by in situ growing
GDY films on the surface of the 3D flexible CF network, and
the following controllable synthesis of MoOx on GDY was
accompanied by the conversion of “C−O” and “C−Mo”
chemical bonds at the sp-C hybrid interface. During the
synthesis process, the hydrophobic surface of CF (contact
angle = 124°) changed to superhydrophilic for GDY@MoOx
with a complete wetting characteristic (Figure 1a), which
profits the transportation of reactants and charges at the
electrolyte−catalyst interface. And the color varied from light
gray for the CF substrate to black for GDY and GDY@MoOx
electrodes. The as-prepared GDY@MoOx electrodes also
exhibit high flexibility that can be bent and twisted in any
direction. These properties make the GDY@MoOx very
suitable for use as an electrode.
Scanning electron microscopy (SEM) images of GDY

electrodes show the vertical and uniform growth of a film of
two-dimensional GDY nanosheets on CF (Figures 1b,c and
S1). This forms a 3D flexible electrode with a porous structure,
which benefits the ion/mass diffusion as well as gas evolution
and increases the number of active sites. Figure 1d,e shows that
the morphology of GDY was well-maintained after the

Scheme 1. (a) Synthesis Routes and (b) PEC Water
Splitting Process for GDY@MoOx
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anchoring of MoOx on the surface of GDY, indicating the high
structural stability of the catalyst. High-resolution transmission
electron microscopy (TEM) images show that the MoOx QDs
were separately and uniformly anchored on the surface of GDY
with an average diameter of 3.25 ± 0.03 nm (Figures 1f,i and
S2). In contrast, there were only aggregated particles formed
on the pure CF surface (Figure S3). This demonstrates the
important role of GDY in guiding the controllable synthesis of
QDs. HRTEM images show that GDY in GDY@MoOx
possesses a larger spacing distance of 0.385 nm (Figure 1g,h)
than GDY (0.365 nm, Figure 1c), which might be due to the
interactions between MoOx QDs and GDY. Without the
presence of GDY, the obtained molybdenum oxide exhibits a
lattice spacing of 0.202 nm corresponding to MoO3 (Figure
S3). Interestingly, MoOx anchored on GDY shows two types
of lattice spacings of the (020) plane of monoclinic α-MoO3
(ICDD PDF # 04−015−7146) and the (631) plane of
orthorhombic Mo17O47 (ICDD PDF # 01−071−0566). This
suggests the partial conversion of monoclinic α-MoO3 into the
orthorhombic type induced by GDY. The X-ray diffraction
(XRD) patterns of the GDY@MoOx show three peaks at 25,
43, and 36.4° (Figures 1j and S4), which could be assigned to
the planes of carbon and the (631) plane of MoOx,
respectively. Raman spectra were next measured and shown
in Figure 1k. Compared with pristine GDY and MoO3, the
peaks for GDY@MoOx were located at two distinct areas
corresponding to the MoOx QDs61 and GDY species. This
confirms the successful incorporation of GDY with MoOx.

42

The peaks of GDY in GDY@MoOx exhibit a shift from 1937.9

and 2174.1 cm−1 (GDY) to 1925.0 and 2151.0 cm−1 (GDY@
MoOx), which further confirms the interactions between
MoOx and GDY (Figures S4 and S5).
The X-ray photoelectron spectroscopy (XPS), electron

energy loss spectroscopy (EELS), and density functional
theory (DFT) calculations were further performed to
determine the accurate chemical states of Mo and charge
transfer behaviors in the catalyst. As shown in Figure 2a, Mo
3d XPS spectra of GDY@MoOx can be deconvoluted into two
sets of peaks, which correspond to Mo5+ d5/2/d3/2 (231.87 and
235.07 eV) and Mo6+ d5/2/d3/2 (232.38 and 235.57 eV),
respectively.62,63 For pure MoO3, the valence state of Mo
species is demonstrated to be +6. These results reveal the
obvious charge transfer from GDY to Mo and the formation of
the mixed valent states of Mo5+/Mo6+ (ratio of Mo5+/Mo6+ is
0.54) in GDY@MoOx. Compared with pure GDY, the C 1s
XPS spectra of GDY@MoOx show two additional peaks for
Mo−C (283.6 eV) and the π−π* transition (288.87 eV)
(Figure 2b and Table S1). The positive and negative shifts in
binding energies for C 1s and Mo 3d in GDY@MoOx,
respectively, reveal that the electrons transfer from GDY to
MoOx QDs. Moreover, the O 1s (Figure S6) and C 1s XPS
spectra confirm the formation of C−O bonds between GDY
and MoOx QDs. These results demonstrate the successful
construction of a novel structure on the interface between the
MoOx and the GDY with sp-C−Mo/O bonds and mixed Mo
valence states. This is beneficial for enhancing the catalytic
performances. The EELS results further verify the existence of
Mo,64 and one strong peak around 289 eV originates from the

Figure 1. (a) Contact angle measurements of CF and GDY@MoOx. Photographs of CF, GDY, and GDY@MoOx and different bending
configurations for GDY@MoOx. (b,c) SEM images of GDY electrodes (inset: HRTEM image of GDY). (d,e) SEM images and (f−h) HRTEM
images of GDY@MoOx. (i) Size distribution of MoOx QDs on GDY. (j) XRD pattern of GDY@MoOx (inset: comparative XRD patterns of
GDY@MoOx, MoO3, GDY, and CF). (k) Raman spectroscopy of GDY@MoOx, MoO3, and GDY.
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interplays of Mo and C (Figures 2c and S7). The top of the
valence band of GDY@MoOx (ΔE = 1.416 eV) is closer to the
Fermi level than those of GDY (ΔE = 1.904 eV) and MoO3
(ΔE = 1.648 eV) (Figure 2d), which indicates the improved
conductivity of the catalyst. The formation energies for C−
Mo/C−O interfacial chemical bonds were calculated theoret-
ically. It is found that the formation energy for (C−Mo)/(C−
O) bonds (−3.33 eV) at the interfacial structures of GDY@
MoOx is much lower than that of C−O bonds. This reveals the
higher stability of (C−Mo)/(C−O) bonds than C−O bonds.
Bader charge analysis indicates that the charge transfer
between GDY and MoOx QDs is multiplied for the catalyst
with two bonding types (Figure S8). Combined with the
electron donor property of GDY revealed by XPS, we can
speculate it is the (C−Mo)/(C−O) bonds that play a bridge
role in transferring electrons, which would produce more active
sites, facilitate charge transfer, and thus result in higher
intrinsic activity. These results reveal that the GDY plays an
important role in the controllable synthesis of QDs. The light
absorption properties of GDY@MoOx, MoO3, and GDY were

determined over the wavelength range of 400−800 nm. As
shown in Figure S9, GDY@MoOx has an obvious UV
absorption peak at 520 nm. The band gaps (Eg) of GDY@
MoOx, MoO3, and GDY are calculated to be 1.71, 2.89, and
2.21 eV, respectively, according to the transformed Kubelka−
Munk function (Figure S10).65 The smallest band gap of
GDY@MoOx broadens its optical absorption range and thus
improves the light utilization. Besides, GDY@MoOx has a
smaller transition energy (Et) from VB to the midgap state
than MoO3 and GDY, which indicates the GDY@MoOx would
be easier to generate free electrons and holes and improve the
conductivity (Figure 2i). In the experiments, an external
positive bias is applied to drive these photogenerated
electron−hole pairs in opposite directions to delay their
recombination rates, which can therefore significantly enhance
the catalytic activity. Besides, GDY@MoOx has a smaller
ionization energy (IE) of 5.71 eV, suggesting that GDY@
MoOx is more propitious to photoelectrocatalysis (Figure
S11). As shown in Figure 2g, GDY@MoOx is an n-type

Figure 2. (a) High-resolution Mo 3d XPS spectra of GDY@MoOx and MoO3. (b) High-resolution C 1s XPS spectra of GDY@MoOx and GDY.
(c) Electron energy loss spectroscopy (EELS) results of GDY@MoOx. (d) Valence spectra of GDY@MoOx, MoO3, and GDY. (e) Nyquist plots of
GDY@MoOx, MoO3, and GDY. (f) Transient photocurrent responses of GDY@MoOx, MoO3, GDY, and CF. (g) Mott−Schottky curves of
GDY@MoOx, MoO3, and GDY. (h) Current density differences of different samples against scan rates. (i) The corresponding band gap energy
diagram of GDY@MoOx.
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catalyst with a more negative Efb, which satisfies the
thermodynamic requirements for the water reduction.
Figure 2e shows the Nyquist plots of the samples fitted by an

R(QR)(QR) equivalent circuit model comprising solution
resistance (Rs), charge transfer resistance (Rct), and adsorption
resistance (R′). As illustrated in Table S2, GDY@MoOx under

irradiation exhibits Rs and Rct values of 2.9 and 2.8 Ω, which
are smaller than those of GDY@MoOx without irradiation (4.1
and 9296 Ω) (Figures S12 and S13), MoO3 (4.6 and 4046 Ω)
and GDY (4.0 and 3539 Ω), respectively. This indicates the
fastest charge transfer behavior, lowest adsorption resistance,
and highest conductivity of GDY@MoOx under irradiation for

Figure 3. (a) Schematics of the PEC test. LSV (b) OER and (g) HER curves of GDY@MoOx, MoO3, and GDY in 1.0 M KOH. Overpotentials of
(c) OER and (h) HER of GDY@MoOx, MoO3, GDY, and CF under different conditions: light on in 0.5 M H2SO4 (red column), light off in 0.5 M
H2SO4 (blue column), light on in 1.0 M KOH (green column), light off in 1.0 M KOH (cyan column). In 1.0 M KOH: Tafel plots of (d) OER and
(i) HER performance of GDY@MoOx, MoO3, GDY, and CF. (e) Polarization curves of OER of GDY@MoOx before and after 4000 CV cycles
(inset: the time-dependent current density curve). (f) Comparison of the photocurrent density at 1.23 V (vs. RHE) of GDY@MoOx recorded at 10
mA cm−2 with reported alkaline OER catalysts. (j) Comparison of the overpotential of GDY@MoOx recorded at 10 mA cm−2 with reported
alkaline HER catalysts. (k) Polarization curves of HER of GDY@MoOx before and after 16 500 CV cycles (inset: the time-dependent current
density curve). (l) PEC overall water splitting performances of GDY@MoOx (inset: the time-dependent current density curve).
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PEC reactions. Besides, the double-layered capacitance (Cdl) of
the catalysts was determined via the cyclic voltammetry
method (Figure S14) in the non-Faradaic range (0.05−0.15
V vs. SCE) to obtain their electrochemical surface area
(ECSA). As shown in Figure 2h, GDY@MoOx shows the
largest Cdl value of 9.78 mF cm−2, which is about 1.72 times
greater than bulk MoO3 (5.67 mF cm−2), 3.27 times greater
than GDY (2.99 mF cm−2), and 3.06 times greater than CF
(3.2 mF cm−2). The ECSA for GDY@MoOx was calculated to
be 244.5 cm2 according to previous reports.66 When the
repeated on−off cycles of white-light irradiation are applied,
quick, stable, and reproducible photocurrents appear (Figure
2f). GDY@MoOx can reach a larger photocurrent of 220.1 μA
cm−2, which is 24.5, 11.6, and 244.6 times higher than that of
MoO3 (9.0 μA cm−2), GDY (19.0 μA cm−2), and CF (0.9 μA
cm−2), respectively. The nearly vertical variation of current
suggests the fast charge transfer in GDY@MoOx, while the
slowly accumulating charge transfer process indicates that the
introduction of GDY can effectively inhibit the charge
recombination. These advantages of GDY@MoOx are
beneficial for generating more active sites, improving the
conductivity, and finally enhancing the catalytic activity.

3.2. Photoelectrocatalytic Performances of GDY@MoOx

The PEC performances of the samples for HER, OER, and
OWS were studied using a typical three-electrode system
(Figure 3a). Figure 3b shows the polarization curves of the
samples obtained with or without irradiation in 1.0 M KOH.
Obviously, GDY@MoOx exhibits the smallest overpotential of
165 mV at the current density (j) of 10 mA cm−2 under the
irradiation of the xenon lamp, which is better than the GDY@
MoOx without irradiation (478 mV@10 mA cm−2), MoO3
(231 mV@10 mA cm−2), GDY (275 mV@10 mA cm−2), and
CF (325 mV@10 mA cm−2), respectively (Figure 3c). The
PEC OER kinetics was studied from Tafel analysis based on
the overpotential versus the logarithm of current density. As
expected, GDY@MoOx shows the smallest Tafel slope of 124
mV dec−1 compared to those of MoO3 (226 mV dec−1), GDY
(199 mV dec−1), and CF (180 mV dec−1) (Figure 3d).
Besides, the long-term stability of the catalyst was tested and is
shown in Figure 3e. There is a slight decrease in the current
density after 4000 CV cycling tests, as compared to the as-
prepared catalyst. Such an excellent OER activity of GDY@
MoOx can also be well-maintained at 10 mA cm−2 for 40 h
(Figures S15 and S16). In addition, GDY@MoOx shows a
much higher photocurrent density at 1.23 V (vs. RHE) than
reported catalysts (Figure 3f and Table S3), verifying the
generation of photoinduced charges. Remarkably, GDY@
MoOx also exhibits excellent OER performance in acidic
conditions with the smallest overpotential of 214 mV at 10 mA
cm−2 and a Tafel slope of 152 mV dec−1 (Figures S17). These
values are better than reported ones.60,67,68

The PEC HER activity of GDY@MoOx was next studied in
alkaline conditions (Figure 3g). As expected, GDY@MoOx
exhibits the best HER activity with the smallest overpotential
of 8 mV at 10 mA cm−2 and the smallest Tafel slope of 35 mV
dec−1 under illumination compared to that of the dark
condition (135 mV@10 mA cm−2, 229 mV dec−1), MoO3
(69 mV@10 mA cm−2, 118 mV dec−1), GDY (62 mV@10 mA
cm−2, 111 mV dec−1) (Figure 3h,i), and other reported
benchmarked catalysts (Figure 3j). The catalyst also exhibits
high catalytic stability with a negligible decrease in current
density after the 16 500 CV cycling cycles (Figure 3k). The

HER performance of GDY@MoOx under acidic conditions
was also studied and provided in the SI (Figures S18 and S19).
In view of the outstanding OER and HER performances,
GDY@MoOx was directly used as the anode and cathode for
OWS measurements in 1.0 M KOH and 0.5 M H2SO4
(Figures 3l and S20). Remarkably, the GDY@MoOx||GDY@
MoOx system requires a very small cell voltage of 1.40 V to
deliver 10 mA cm−2, which can be maintained over 12 h for
continuous electrolysis.
3.3. Theoretical Study

DFT calculations were further performed to study the activity
origin of GDY@MoOx toward highly efficient overall water
splitting. According to the total density of states (TDOS), bulk
MoO3 is a semiconductor with a large band gap and poor
conductivity, while the band gap of GDY@MoOx is
significantly reduced mainly because the position of con-
duction band minimum (CBM) obviously moves down,
thereby enhancing the conductivity (Figure 4a). In addition,

according to the projected density of states (PDOS) of the Mo
site, the d-band of the Mo atom in GDY@MoOx obviously
shifts to the right, much closer to the Fermi level (Figure 4b).
This indicates that GDY can effectively donate electrons to the
Mo site and upshift the d-band center position of metallic Mo
from −5.87 eV (bulk MoO3) to −3.95 eV (MoOx QDs). The
d-center upshift of the Mo site leads to the catalytic activity
enhancement of GDY@MoOx. It is shown that the
decomposition of a water molecule (the starting step of the
whole reaction) only requires a low Gibbs free energy
(ΔG(OH+H)*) of 0.73 eV (Figure 4c). The free energy for
HER is calculated to be 0.11 eV (ΔGH*), close to pure Pt

Figure 4. (a) TDOS and (b) PDOS of bulk MoO3 and GDY@MoOx.
(c,d) Water activation and hydrogen evolution reaction process. (e)
Water oxidation and oxygen evolution reaction process.
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(∼−0.09 eV) (Figure 4d), revealing the high HER activity of
the Mo sites in the catalyst. The OER is a four-electron
process, which can spontaneously proceed under an external
potential of 1.58 V (Figure 4e). Among the four steps, the
oxidation of intermediate O* to form HOO* is the
determining step of OER with a ΔG3 of 1.58 eV, close to
the ideal ΔG of 1.23 eV. We can evaluate the OER activity of
GDY@MoOx catalyst using the potential (η), which is
calculated as η = [max(ΔG1, ΔG2, ΔG1, ΔG2) − 1.23]/e =
0.35 V, much lower than the previously reported ones.69−71

These all verify the excellent oxygen evolution activity of
GDY@MoOx.

4. CONCLUSIONS
By using GDY as the ideal platform, we have proposed a facile
synthetic strategy for the successful fabrication of GDY@
MoOx heterojunctions for PEC water splitting. Experimental
and DFT calculation results reveal the construction of a novel
structure on the interface, containing sp-C−Mo/O bonds and
mixed Mo valence states, show outstanding catalytic activity
and stability for photoelectrocatalytic overall water splitting in
a wide pH range (0−14), due to the presence of sp-carbon-rich
GDY. The reaction mechanisms were well-studied, revealing
that the d-center upshift of the Mo site leads to the catalytic
activity enhancement of GDY@MoOx. In addition, GDY@
MoOx performs well in extreme environments, only needing
1.40 or 1.39 V of the cell voltage to deliver 10 mA cm−2 with
tolerable stability under alkaline or acidic conditions. This
work demonstrates clearly the important role of graphdiyne in
the controllable fabrication of high-performance PEC catalysts
with accurate interfacial structures and valence states.
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