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The design of composite photocatalytic materials is essential for efficient photocatalytic hydrogen pro-
duction. In the present work, we have successfully designed a simple synthetic process to ultrathin ReSe;
nanosheets using an ultrasound-assisted liquid-phase synthetic route through self-assembling ReSe, onto
g-C3Ny4 (shortened as g-C3N4/ReSe, nanosheets) to improve photocatalytic performance. Based on density
functional theory (DFT) estimation along with experimental characterization, it is found that the integrated
heterojunction-like ultrathin g-C3N4/ReSe, nanosheets possess more edge active sites, enhanced electron
transfer efficiency and conductivities, which significantly accelerates the dissociation and migration of
photogenerated electron-hole pairs. Meanwhile, selenium vacancies could be introduced into nanosheets
via controlling the synthetic procedure with a reduced Se source that will favor to enhance the photo-
catalytic efficiency. The ultrathin g-CsN4/ReSe, heterojunction with Se vacancies performed highly im-
proved photocatalytic hydrogen production. In typical, the H, production of the g-C3N4/ReSe, nanosheets
under visible light is 1055.50 ypmol g"' h™!, which is 21 times higher than that of bare g-C3N,, indicating that
it overcomes the high charge complexation rate of g-CsN4. These results do not only provide insight into the
application of two-dimensional ReSe, nanosheets in photocatalysis, but also open up new avenues for the
rational design of two-dimensional hybrid materials in solar energy conversion.

© 2022 Published by Elsevier B.V.
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1. Introduction [14-16]. However, it is still limited in commercialization as a high-

efficiency photocatalyst, due to its rapid carrier recombination,

Compared with traditional fossil energy, hydrogen energy is
promising due to its pollution-free and high energy density [1-5]. At
present, most hydrogen production is still reproduced from fossil
fuels, which greatly limits the exploitation and application of hy-
drogen energy. Hence, it is foreseeable that renewable techniques of
hydrogen energy production especially from water decomposition
will be one of the ultimate solutions [6-8].

Photocatalytic water splitting based on various semiconducting
photocatalysts with suitable bandgaps is one of the most viable
methods to generate hydrogen that has been exploited for practical
applications [9-13]. Due to its suitable energy band structure, simple
preparation process, strong visible light absorption ability, and good
physicochemical stability, nonmetallic semiconducting g-C3N, is one
of the most promising photocatalysts for hydrogen evolution

* Corresponding author.
E-mail address: qyoung@ustc.edu.cn (Q. Yang).

https://doi.org/10.1016/j.jallcom.2022.165786
0925-8388/© 2022 Published by Elsevier B.V.

limited visible light absorption, and low specific surface area
[3,5,10,16]. To develop an efficient g-C3N4-based nanocomposite,
there should be some special properties like narrow energy bands,
capable of absorbing visible light in the solar spectra, and energy
band positions suitable for efficient redox reactions required. In
general, it is difficult to meet the requirements for hydrogen pro-
duction efficiently by using a singular type of semiconductors. As
noted, heterostructured photocatalysts composited of different
components could cover an enwidened range of light absorption
with the corresponding integrated composition, bandgap overlaps/
modulations, and enhanced charge separation at the junction in-
terface [3,5,10,16]. Meanwhile, the band alignment including band
bending of the composites with heterojunction-like structure drives
the separation and reverse charge transfer of photogenerated elec-
trons and holes, inhibiting charge recombination and improving the
catalytic activity [8,17-19].
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Transition metal dichalcogenides (TMDs) are a class of semi-
conductors with graphene-like layered structure and adjustable
bandgaps. In particular, bulk MoS, is an indirect bandgap semi-
conductor with a bandgap width of 1.3 eV. However, as the number
of layers decreases, the single-layer MoS; nanosheet transitions from
indirect bandgap structure to direct bandgap one with a bandgap of
1.8 eV [20]. Moreover, due to the quantum confinement and surface
effect, monolayer TMDs exhibit different properties from bulk ma-
terials. For example, monolayer MoS; has the ability to reduce H* to
H,, which makes ultrathin TMDs have broad prospective applica-
tions in the field of photocatalysis [21,22]. On the other hand, due to
the elasticity of two-dimensional morphology, g-CsN4 can perfectly
form heterojunction-like photocatalysts interfaces with various 2D
TMDs components. Therefore, it is vital to construct new hetero-
junction-like materials through the combination of TMDs and g-
C3Ny4 [23,24].

As an emerging portion of TMDs, ReSe,, different from the
common hexagonal TMDs, presents a distorted 1 T’ form and has
unique electrical/optical properties [25,26]. In recent years, ReSe;
has attracted extensive attention in the fields of catalysis, electro-
nics, and optoelectronics. Theoretical calculations and experiments
show that its microstructure and electronic structure can be ad-
justed and electrocatalytic activity improved through vacancy en-
gineering [27,28]. However, there is not sufficient study on ReSe, via
establishing heterostructured catalysts for photocatalytic hydrogen
evolution for possible reference.

Herein, we developed a simple and rapid procedure to synthesize
ultrathin ReSe; nanosheets with rich atomic level edge active sites,
and further form heterostructured nanosheets of ReSe, with g-C3Ny4
as a heterojunction-type photocatalyst. Based on density functional
theory (DFT), the physicochemical properties of the nanosheets were
studied at the atomic level simultaneously [29-34]. Furthermore,
according to the previous research in the electrochemical catalysis of
our research group, suitable selenium vacancies were introduced to
further improve the photocatalytic performance of heterojunction
[28]. As revealed in the present study, the preparation of ReSe, ul-
trathin nanosheets by combining defect engineering has proved to
be an effective and feasible way to improve the photocatalytic
properties of the active materials of g-C3Ny.

2. Experimental section
2.1. Materials synthesis

2.1.1. Fabrication of g-CsN4 nanoparticles

g-C3N,4 was prepared by pyrolysis of carbamide in a muffle fur-
nace at 550 °C for 3 h (heating rate of 5 °C min™!). Then, collected the
light-yellow powder and annealed at 350 °C gradually in Ar (heating
rate of 5 °C min™"). The annealed g-C5N, sample was washed several
times in distilled water with ultrasonic cleaning equipment.

2.1.2. Fabrication of ReSe, and selenium vacancy-containing ReSe,
(ReSe(SV)) ultrathin nanosheets

The bulk ReSe, catalysts were prepared based on our previous
work [28]. By varying the amount of dibenzyl diselenide, we can also
obtain the sample of rhenium selenide with an appropriate con-
centration of selenium vacancies. The detailed process can be seen in
Supplementary Material. Based on a unique and direct ultrasound-
assisted stripping method, 20 mg as-obtained dry bulk ReSe, or
ReSe,(SV) was added into 20 mL ethanol and treated with ultra-
sound for 300 min. The ultrasound probe was operated and stopped
repeatedly with an interval of 2 s. In the ultrasonication process, the
temperature of the dispersion was controlled below 25 °C using an
ice bath. Then, the dispersion was centrifuged at 8000 RPM for 2 min
to acquire the supernatant. The concentration of the as-synthesized
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Fig. 1. Schematic diagram of the synthesis process of ReSe,/g-C3N,4 heterojunction
sample.

ReSe, and ReSe,(SV) ethanol solution was estimated to be around
20 pg mL™! by ICP-AES.

2.1.3. Fabrication of g-CsN, nanoparticles dispersed ReSe, ultrathin
nanosheets (CNSR/CNSVR)

g-C3N4 (20 mg) was put into the mortar, followed by the addition
of 20 mL ReSe; or ReSe,(SV) ultrathin nanosheets ethanol solution.
The suspension was physically ground for 10 min. After the natural
evaporation of ethanol, the solid sample was finally ground to obtain
the fine powders and annealed at 250 °C for 3 h in Ar. We termed the
g-C3Ny/rhenium selenide samples with and without selenium va-
cancies as CNSR and CNSVR, respectively. In general, the synthesis
steps are schematically shown in Fig. 1.

2.14. Fabrication of g-C3N4 nanosheets dispersed bulk ReSe, (CNSR-B/
CNSVR-B)

A self-assembly process with a mechanical mixing procedure was
used to produce the CNSR-B and CNSVR-B composites. In the mortar,
100 mg of g-C3N4 was first added, followed by 2 mg bulk ReSe, or
ReSe»(SV) samples and 50 mL ethanol. The remaining process is the
same as CNSR/CNSVR.

2.2. Characterization

The morphology of samples was explored on a Hitachi H7700
transmission electron microscope (TEM) and a Talos F200X (S)TEM
with a spherical aberration corrector, the latter provides high re-
solution transmission electron microscope (HRTEM), high-angle
annular dark-field scanning transmission electron microscope
(HAADF-STEM) and corresponding energy-dispersive X-ray spec-
troscope (EDX) mapping analyses [28]. The X-ray powder diffraction
(XRD) patterns were carried out on a SmartLab X'Pert powder dif-
fractometer [28]. Electron spin resonance (ESR) analysis was per-
formed using a JEOL-JES-FA200 to study the mechanism of the
photocatalysts [28]. The Zeta potential data were measured by
Malvern ZEN 3600 nanoparticles size and ZETA potential analyzer.
FT-IR data were measured on a Thermo Nicolet 8700 instrument.
Raman spectra were recorded on a JY-LabRamHR laser spectrometer
system. The Brunauer-Emmett-Teller (BET) specific surface area and
pore size distribution were derived from the N, adsorption and
desorption on a Micromeritics Tristar II 3020M analyzer [35]. The
atomic force microscopic (AFM) image was acquired on the Bruker
Nano Dimension Icon instrument. Elemental ratios were detected by
inductively-coupled plasma atomic emission spectroscopy (ICP-AES)
at Galbraith Laboratories (Knoxville, TN) [35]. Photoluminescence
spectroscopy was performed on a JY Fluorolog-3-Tou steady/tran-
sient fluorescence spectrometer, and Escalab 250 XI X-ray photo-
electron spectrometer (XPS) also employed on detailed band
structures (XPS-VB) and spectroscopic analysis. A ZOLIX WAD-
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Fig. 2. TEM images of (a) g-C3Ny, (b) ReSe,(SV), (c) CNSVR, and (d) the corresponding HRTEM image of CNSVR from central area in (c), (¢) STEM image and corresponding STEM-
EDX elemental mapping images of (f) all elements, including (g) C, (h) N, (i) Re, and (j) Se for CNSVR.

SPV550 surface photovoltage spectrometer was used to acquire the
steady-state SPV spectra.

2.3. DFT calculation

All density functional theory (DFT) calculation was conducted by
using Cambridge Serial Total Energy Package (CASTEP) code [29]. The

Perdew-Burke-Ernzerhof (PBE) form of the generalized-gradient
approximation (GGA) function is used in the calculations [30], while
OTFG ultrasoft pseudopotential and Koelling-Harmon relativistic
treatment are applied [31]. The plane-wave energy cutoff is set to
408.2eV and a Monkhorst-Pack gird parameter of 2x2x1 is
adopted. During the geometry optimization task, the convergence
tolerance for energy, force, stress, and displacement are set as
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1.0x 107 eV/atom, 0.03eV/A, 0.05GPa, 0.001A, respectively. Va-
cuum slabs built on the cleaved surfaces are of 10A to eliminate
interactions between the periodic layers.

In the hydrogen evolution reaction (HER) model, an equation of
AGy+ = AEy- + AEzpg — TAS is used to count for the adsorption free
energy of the adsorbed hydrogen atom (AGy-), where AEy-, AEzpg,
AS, and T stand for the hydrogen adsorption energy, the zero-point
energy change in the process of hydrogen atom adsorption, the en-
tropy variation between the adsorbed and the gas phase and room
temperature (298 K), respectively. Hydrogen adsorption energy
(AEy+) is defined as AEy« = Ecaraq — (0.5Eq, + Eca), where Ecy is the
final enthalpy of the isolated surface, Ec,:aq is the final enthalpy of
the adsorbed surface and Ey, is the final enthalpy of an isolated
hydrogen molecule. AEzpg is 0.11 eV [28]. Since vibrational entropy in
the adsorbed state is so small that can be ignored, TAS can be cal-
culated by TAS =-0.5 TASy,= -0.205 eV, in which ASy, stands for the
entropy of hydrogen molecule in the gas phase at standard condi-
tions [32].

2.4. Photoelectrochemical measurements

The photoelectrochemical properties of the samples were iden-
tified with a CHI 770E electrochemical workstation made in China by
built a classical three-electrode system. Specifically, 3 mg of sample
was dispersed in 2 mL hexane by ultrasonic treatment to get slurry.
Then, the working electrode was prepared by dropping the slurry
onto a precleaned fluoride tin oxide (FTO) glass and then dried at
room temperature. A platinum electrode was utilized as the counter
electrode, and Saturated Calomel Electrode (SCE) electrode was
employed as the reference electrode [35]. 0.5 M Na,SO4 solution was
used as electrolyte. During the experiment, a 300 W Xe lamp with a
22420 nm cut filter was used to simulate a visible light environ-
ment. The Electrochemical impedance spectroscopy (EIS) was per-
formed at open circuit voltage in the frequency range 100 kHz to
0.1Hz [36]. The transient photocurrent responses of the samples
were tested in a bias of 1.0 V vs. SCE under the same light conditions.
The Mott-Schottky plots were measured at the frequency of 1000 Hz
in impedance potential mode.

2.5. Photocatalytic hydrogen production

20 mg catalyst samples were ultrasonically dispersed in 20 mL
triethanolamine solution (15vol%). Then, the solution was trans-
ferred to photocatalytic reactor, and argon is introduced to replace
the air in the reactor. A 300 W Xe lamp with a A>420 nm cut filter
was used to simulate a visible light environment, the headspace gas
(ca. 50 mL) of the reactor was sampled (500 uL per sample) every
60 min, injecting the sample into the calibrated gas chromatograph
to detect the amount of H,.

3. Results and discussion
3.1. Morphology and structure characterization

The morphologies of the as-prepared samples were studied using
HRTEM determinations. g-C3N4 shows a typical hierarchical struc-
ture, and the massive rhenium selenide shows a flower-like struc-
ture [28]. The introduction of selenium vacancies reduced the
crystallinity of rhenium selenid and the formation of dense ag-
gregated states in nanomaterials (Fig. 2a, S1a and S1b). Fig. 2b-d
illustrate the rhenium selenide ultrathin nanosheets with selenium
vacancies after sonication, showing successful self-assembly with g-
C3N4 nanosheets. The interlayer gap of 0.64 nm in the HRTEM image
indicates the lattice distance of (001).

facets in triclinic ReSe;, (JCPDS No. 01-074-0611). Meanwhile, the
XRD patterns of the as-synthesized 1T phase rhenium selenide
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samples exhibit broadened diffraction characteristics (Fig. S2), which
is consistent with the poor crystallinity exhibited in the electron
microscopic tests. Furthermore, the EDS elemental mappings of
CNSVR and ReSe,(SV) were performed, which shows that the C, N,
Re, and Se elements were dispersed throughout CNSVR samples,
indicating a significant interaction between ReSe,(SV) nanosheets
and g-C3Ny4 (Fig. 2e-j and S1c-f).

To further demonstrate the successful combination of the na-
nosheets, we performed the zeta potential of the g-C3Ny4, ReSe,(SV)
and CNSVR nanosheets under different conditions. As shown in Fig.
S3, pH =7 is the environment, under which g-CsN4 nanosheets and
ReSe,(SV) nanosheets were compounded to form CNSVR na-
nosheets. pH =10 is the photocatalytic working environment (trie-
thanolamine as sacrificial agent). The ReSe,(SV) nanosheets show a
positive zeta potential of 12.3 mV at pH =7, whereas the g-C3N,4
nanosheets exhibit a negative zeta potential of -29.3 mV at the same
pH value. The opposite zeta potentials result in strong electrostatic
attraction between ReSe,(SV) nanosheets and g-CsN4 nanosheets
[37,38]. It is found that zeta potential of the CNSVR obtained com-
posite is -16.9 mV, intermediate between the two individual na-
nosheets. Thus, stable 2D/2D ReSe,(SV)/g-CsN4 heterojunctions can
be obtained by the Coulomb electrostatic interaction, and the sta-
bility of the material was subsequently strengthened by annealing.
Under alkaline conditions (pH = 10), all three kinds of nanosheets
exhibited negative potentials, where the zeta potential of g-C3Ny4
nanosheets is —48.1 mV, the zeta potential of ReSe,(SV) nanosheets
is -26.6 mV, and the zeta potential of CNSVR nanosheets is -40.8 mV.
As a result, the Zeta potential value of the composite is still between
the ones of the two individual nanosheets. The absolute value of zeta
potential increases for all the three nanosheets under the same
varied condition, suggesting that the nanosheets are more stable and
less likely to agglomerate under alkaline conditions [37,38].

XRD was used to analyze the crystal structures of the samples.
The patterns of g-C3N4, CNSR, CNSR-B, CNSVR, and CNSVR-B are
shown in Fig. 3a. Due to its high dispersion and low loading con-
centration, the hybrids do not have any identifiable diffraction peaks
of ReSe,. Meanwhile, EPR measurements confirmed the presence of
selenium vacancies within the ReSe,(SV) nanosheets, which are ty-
pically paramagnetic defects in semiconductors. The EPR signal for
ReSe,(SV) nanosheets at gi, =2.0012 (close to the free-electron
value, g, = 2.0023) could be well referred to the selenium vacancies,
while the ReSe, nanosheets at the same location show a lower
signal, which clearly indicates that ReSe,(SV) nanosheets have a
higher concentration of selenium vacancies, as seen in Fig. 3b
[27,28,33]. Fig. 3c shows that g-C3N,4 and all ReSe,/g-C3N,4 samples
exhibit identical FT-IR characteristic signals. The strong bands ex-
tending from 1100 to 1700 cm™! correspond to the stretching vi-
brations of aromatic C-N heterocycles, while the large peaks
between 3000 and 3500cm™! are attributed to O-H and N-H vi-
brations. The signal of the tri-s-triazine unit has maxima at 810 cm™.
This study shows that following the self-assembly process, the g-
C3Ny4 retains its primary structure [34,35]. In Fig. S4, we compared
the Raman spectra of g-C3N, and CNSVR under 1064 nm excitation,
the peaks at 711cm™! (Heptazine ring breathing modes) and
763 cm™! are originated from A1’ mode of g-C3Ny4, and the peaks at
1233cm™! (typical stretching vibration modes of C=N and C-N
heterocycles) and 1311 cm™ (semi-circle stretching) are derived
from E’ mode of g-CsN4 [39]. Compared to pure g-C3Ng4 a new
characteristic peak can be detected near 145cm™! of the CNSVR
sample, derived from the complex manifold of intralayer modes of
ReSe, samples [25,26]. BET analysis was also used to investigate the
physicochemical information of g-C3N4, CNSVR-B and CNSVR, as
shown in Fig. 3d and Table S1. The specific surface area of g-C3N,4
increased dramatically after grinding and dispersion treatment, from
81.20m? g! in g-C3sN,4 to 173.29m? g! in CNSVR-B. In general,
photocatalysts with the increased specific surface area might give
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Fig. 3. (a) XRD patterns of g-C3N4 and ReSe;/g-C3N,4 heterojunctions, (b) EPR spectra of ReSe, and ReSe,(SV) samples, (c) FT-IR patterns of g-C3N4 and ReSe,/g-CsN, hetero-
junctions, and (d) N, adsorption-desorption isotherms of g-C3N4, CNSVR-B and CNSVR samples.

more surface reactive sites while also improve light absorption,
making photocatalysis easier. Besides, the CNSVR sample even has a
larger surface area (230.63 m? g”!) than CNSVR-B has, which sug-
gests that better dispersion of ReSe, ultrathin nanosheets on the g-
C3Ny4 surface leads to a larger surface area. Furthermore, the huge
surface area of ReSe, ultrathin nanosheets results in more exposed
reactive sites on g-C3Ny4, which results in higher photocatalytic ac-
tivity of CNSVR as compared with CNSVR-B [21,35].

To further understand the critical function of the atomic-level
edge active sites of ReSe, ultrathin nanosheets, we examined AFM
images of bulk ReSe,(SV) samples, large-size ReSe,(SV) nanosheets,
and ultrathin ReSe,(SV) nanosheets, where the large- size ReSe,(SV)
nanosheets are obtained by dispersion of bulk ReSe,(SV) after ball
milling. The bulk ReSe,(SV) has the biggest lateral dimension of
~5um and thickness of 1.08 um among them (Fig. 4a, d). The large-
size ReSe,(SV) nanosheets have a lateral diameter of ~300 nm and a
thickness of 33.50 nm (Fig. 4 b, e). Ultrathin ReSe,(SV) nanosheets,
on the other hand, have a lateral dimension of ~250nm and the
thinnest thickness of 4.89 nm (Fig. 4c, f). The ultrasonication pro-
cedure resulted in ReSe, ultrathin nanosheets with reduced thick-
ness and more accessible edge sites. For hydrogen evolution,
ReSe»(SV) nanosheets with smaller lateral diameters have more
exposed edge active sites [21]. Furthermore, because of the inter-
layer decoupling property of ReSe,(SV), thinner ReSe,(SV) na-
nosheets possess a greater interface and better electronic coupling
with g-C3N4 nanosheets, ensuing more effective charge carrier se-
paration and transferring. These results were also validated by the
following DFT calculations.

3.2. DFT model establishment and calculations

According to the morphological studies in our calculations, the
ultrathin ReSe2 nanosheets were simulated as single-layer ReSe,, and
extend infinitely in the lateral dimension. We intercepted part of 4 x4
molecule to make a schematic diagram, in which each diagram con-
sisted of 16 Re atoms and 32 Se atoms. On six distinct types of sites, we
calculated the Gibbs free energy of hydrogen adsorption. As shown in
Fig. 5, Fig. S5 and Table S2, on the basal S1, S2, S3 and S4 Se sites (Fig.
S5a-d), the Gibbs free energies of hydrogen adsorption are 1.24, 1.37,
0.45 and 0.77 eV, respectively (Table S2). These generally positive re-
sults suggest that hydrogen atoms have a great difficulty adsorbing on
the aforementioned basal Se sites, exposing the low hydrogen evolu-
tion activities on the Se sites in the base surface of ReSe, monolayer.
Correspondingly, the functions of hydrogen evolution on the edge sites
of ReSe, ultrathin nanosheets were also investigated. As a result, the
Gibbs free energies for hydrogen adsorption on the edge S1 and edge
S2 Se sites (Fig. 5b, c) were estimated as —0.16 and 0.29 eV, respectively
(Table S2). Comparison of all sites are illustrated in Gibbs free energy
diagram of HER (Fig. 5a), the AGy: value for the edge Se sites is much
closer to the ideal AGy+, in particular, the edge S1 site, which is very
close to zero and perfect for HER. Theoretically, based on the studies of
the preceding calculations, the non-saturated coordination Se site can
be operated as the center of the HER. Meanwhile, the ultrathin ReSe,
nanosheets appear to be essentially intact plane. Although the internal
sites in the basal plane are unfavorable candidate for the HER reaction
site, it could be served as an ideal platform for electron migration,
allowing electrons to reach these peripheral active sites [21,28].
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spectively.

3.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) was used to examine the
chemical binding states of photocatalyst composites. Both ReSe, and
ReSe,(SV) include Re and Se elements in their XPS survey spectra

(Fig. S6a), which is consistent well with the EDS-mapping finding.
The C 1s signal for the ReSe, and ReSe,(SV) samples is standardized
identically at 284.8 eV in Fig. S6b. The binding energies at 43.9 and
41.5 eV for the ReSe, samples are attributed to Re 4fs, and Re 4f7,,
respectively, while peaks at 54.65 and 55.45eV are accessed to Se
3ds), and Se 3ds),, respectively [25-28]. The peak at 45.7 eV should
be originated from the high-valent state Re in the minority un-
reacted NH4ReO,4, which can be easily dissolved in ethanol and thus
washed away during the ultrasound process, so we can see that the
peak around 45.7eV in the CNSVR composite almost disappears.
However, the binding energies of Re 4f and Se 3d in the ReSe,(SV)
sample increased by 0.10eV (Fig. S6¢, d). This trend toward higher
binding energies is consistent with the earlier findings in compar-
able circumstances of WSe, samples [33,40,41], the Fermi level
edges are closer to the boundary of conduction band. We also used
ICP-AES to determine the elemental molar ratios in the ReSe, and
ReSe,(SV) samples, as described in Table S3. The Se concentration of
the ReSe,(SV) samples is lower than that of the ReSe, samples, in-
dicating that selenium vacancies exist in the ReSe,(SV) samples and
correlating with the EPR finding [25-28,33].

The chemical states of elements were then investigated before
and after the dispersion and loading of ReSe,(SV) ultrathin na-
nosheets in g-C5Ng4. In C 1s spectra (Fig. 6a), two peaks for g-C3N, are
detected with binding energies of 284.8 and 288.25 eV. In detail, the
peak at 284.8 eV binding energies is attributed to adventitious C, and
the sp2-hybridized carbon (N-C=N) is responsible for the binding
energy maxima at 288.25eV. C 1s spectra from CNSVR also show
two peaks emanating from C with binding energy locations nearly
equal to g-C3N,4. Fig. 6b displayed the N 1s spectra of the g-C3N,4
samples, three peaks confirm the existence of C-N=C at 398.80 eV,
N-Cs at 400.05 eV, and N-H at 401.33 eV, respectively. By contrast,
the N-C3 and N-H peaks of CNSVR are extended to higher binding
energies of 0.29 and 0.17 eV, accordingly. In conversely to N 1s
spectra, all CNSVR peaks in Re 4f and Se 3d spectra have a negative
energy shift as compared to bulk ReSe,(SV) samples, which appar-
ently indicates the transfer of electrons from the g-C3N,4 to ReSe,(SV)
(Fig. 6¢, d). In short, the extensive contacts between ReSe,(SV) and g-
C3N, are proven by the shifts in binding energies in CNSVR
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composites, demonstrating that ReSe,(SV) has been dispersed on g-
C3N4 to form heterojunction [27,35,42,43].

3.4. Optical measurement and bandgap analysis

UV-Vis diffuse reflection spectra were used to study the optical
absorption characteristics of the performed materials. Fig. 7a de-
monstrates that bare g-C3Ny4 has a strong absorption intensity in the
ultraviolet region, while a mild absorption in the visible area
(A > 420 nm). Due to the quantum size effect generated by the ul-
trasonic self-assembly process and the color of g-C3N4 changed from
light yellow to gray as a result of the loading, the absorption capacity
and absorption range of the g-C3N,4 samples loaded with ReSe, was
improved in the visible region as compared to bare g-C3N4. The Tauc
plot was used to determine the bandgap energy of the bare g-C3Ny,
ReSe,(SV) ultrathin nanosheets and ReSe, ultrathin nanosheets as
illustrated in Fig. 7b. As a result, the bandgap energies for g-C3Ny,
ReSe,(SV) ultrathin nanosheets and ReSe, ultrathin nanosheets were
estimated to be 2.93, 1.24 and 1.28 eV, respectively. The introduction
of a modicum of selenium vacancies results in a slight reduction of
the bandgap, which is due to the modification of the electronic
structure by the vacancies and can help to improve the HER per-
formance of ReSe, nanosheets according to our previous report and
calculation in electrochemical work [28]. Meanwhile, the previous
report indicated the band gap of rhenium selenide nanosheets is
related to its number of layers, the decrease of the layers leads to the
band gap wider [44]. Fig. S7 shows the calculated results of the
density of states (DOS) for bulk and monolayer ReSe;, and the band
gap of 1.24 eV is close to that of single-layer nanosheets, which is
consistent with the previous morphological analysis. To acquire

information on the conduction band (CB) and valence band (VB)
locations, Mott Schottky plots were measured in Fig. 7¢, g-C3Ny,
ReSe, ultrathin nanosheets and ReSe,(SV) ultrathin nanosheets all
show typical n-type semiconductor characteristics and g-CsN,4, and
ReSe,(SV) ultrathin nanosheets had Ecg of —0.97 and -0.36V, re-
spectively. Combined with the band gap, we can calculate the Eyg of
g-C3N4 and ReSe,(SV) ultrathin nanosheets, which are 1.96 and
0.88V, respectively. The XPS-VB experiment is also used to verify
this conclusion, and the Eyp, xps of g-C3N4 and ultrathin ReSe,(SV)
has been characterized to be 1.90 and 0.82 V, respectively (Fig. 7d, e).
The valence bands of the two samples were calculated according to
the following equation: Eyg nue =@ + Evp, xps — 4.44, where ¢ is the
work function of the XPS instrument (4.5 eV) [45]. Consequently, the
Evg, nuE Of 2-C5N4 and ultrathin ReSe,(SV) is calculated to be 1.96 and
0.88 'V, which is consistent with the results estimated by electro-
chemical methods. As revealed in the above band gap analysis, the
ultrathin ReSe,(SV), as a co-catalyst, forms a heterojunction with g-
C3Ny4, and the energy band structure information was provided in
Fig. 7f.

3.5. Photocatalytic hydrogen evolution

Fig. 8a summarizes the hydrogen yields of different samples in
the similar photocatalytic environment. The hydrogen production
rate of bare g-C3N, as a control group was 50.18 pmol g' h™!. The
hydrogen production rates of CNSR-B and CNSVR-B samples ob-
tained by mechanical mixing of bulk ReSe, and ReSe,(SV) dispersed
in g-C3N,4 were slightly increase to 100.03 and 155.96 ymol g' h™!
while the hydrogen production rates of CNSR and CNSVR samples
acquired by ultrasonic ultrathin nanosheets dispersed in g-C3Ny4
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were 765.15 and 1055.50 pmol g™ h™?, respectively. Increased active
sites and efficient charge transfer due to the dispersion and loading
of ReSe, are responsible for the dramatic rise in photocatalytic ac-
tivity, and the two-dimensionalization of ReSe, by ultrasonic process
plays a key role in the photocatalytic performances. In Fig. S8, the
detected results proved that triethanolamine is the best sacrificial
agent. For alcohols, their oxidation potentials are all higher than that
of triethanolamine (TEOA), the lack of hydrophilic on the g-C3Ny4
surface makes alcohols more difficult to be adsorbed on g-C3N,4
surfaces [46,47]. These factors resulted in alcohols being far less
effective as sacrificial agents as compared to TEOA. For Na,S, its
oxidation potential is lower than TEOA, which can better protect
TMDs from photocorrosion [48]. However, our supplementary ex-
perimental results were more similar to pure g-C3N4 sample, the

g-C3N4 amine groups are protected by the presence of TEOA, thus the
catalytic performance is superior to that of Na,S when TEOA is used
as a sacrificial agent. It is concluded that the above results imply that
most of the photogenerated holes and sacrificial agents react on the
g-C3Ny4 surface [49,50].

On the other hand, it is proved that the introduction of selenium
vacancies based on the self-assembly process can further enhance
the photocatalytic performance. Additionally, the impact of the
quantity of loading ultrathin nanosheets was studied, as shown in
Fig. S9. The results suggest that a 2 % mass fraction loading, i.e. invest
20 mL of ReSe,(SV) ultrathin nanosheets ethanol solution to syn-
thesize CNSVR, provides the finest catalytic effect. When the quan-
tity of loading was further increased, overloading ReSe, nanosheets
lead to the coverage of the active sites on the surface and the
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blocking of the incident light. Based on this optimal catalyst, we
further tested the external quantum yield (EQY) of the sample at
several different wavelengths (See in Table S4 for specific calculation
details) [51]. Similar to the light absorbance capacity of g-C3N4 at
different wavelengths, the EQY of the CNSVR sample in the visible
light region at 420 nm was 5.38 %. While in the UV region 365 nm
and 400 nm, the CNSVR sample achieved higher EQY results of 12.82
% and 10.71 %, respectively. This phenomenon shows that the cata-
lyst still conforms to the general properties of g-C3N4 based mate-
rials. Furthermore, in Fig. 8b, 4 x4 h repetitive tests were used to
assess the photocatalytic stability of CNSVR sample. The photo-
catalytic hydrogen evolution rate of a CNSVR sample did not vary
significantly in last 16 h. Before and after the photocatalysis reaction,
the XRD, FT-IR and XPS investigations revealed that every distinctive
peak location did not vary appreciably (See supplementary material
Figs. S10-S12), and the HRTEM images of CNSVR after the reaction
(Figs. S13a, b) are not significantly different from the Morphologic
images before the reaction (Fig. 2c, d), thus the stability of the Re-
Se,(SV)/g-C3N, combination was determined by these character-
ization data. ReSe,(SV) composites display a significantly high
photocatalytic hydrogen evolution rate when compared to other
conventional g-C3N4-based heterojunction photocatalysts, indicating
that ReSe, might be a promising efficient cocatalyst to boost the
semiconductor's photocatalytic activity. Combining the previous
data, the ReSe,(SV) composites showed a very significant improve-
ment for the photocatalytic hydrogen rate.

To evaluate the photocatalytic activity objectively, a comparison
of the photocatalytic performance of the present work with the early
work using some g-C3Ny4-based type Il [52-54], Z-scheme [55-58]
and S-scheme [46,59,60] heterojunctions as catalysts are presented
in Table S5. As noted, similar heterostructured strategy has been
applied for electrocatalytic hydrogen production although they have
different redox reaction driving ways [28,61-63]. In the present
work, the CNSVR nanosheets did not perform as good as many Z-
scheme or S-scheme heterojunctions while they are still show
higher activities comparing with lots of type II heterojunctions,
especially without addition of Pt or other co-catalysts. The high
performance of the g-C3N4/ReSe; nanosheets is attributed to the fact
that ReSe; nanosheets similarly serving as a co-catalyst plays a key
role in the improvement of the photocatalytic reactivity since most
of the photogenerated holes on the g-C3N, surface are not trans-
ferred but directly consumed by the sacrificial agent [64-66]. This
phenomenon suggests that the as-designed g-CsN4/ReSe, na-
nosheets still have some unique advantages in terms of significantly
increased edge active sites and developing noble metal-free catalytic
systems.

3.6. Photoelectrochemical performance and electron transfer discussion

To investigate the impact of active sites and vacancies on HER
catalytic activity, electrochemical impedance spectroscopic (EIS)
measurements were used to look at the kinetic resistance of charge
transfer. The resultant Nyquist plots (Fig. 9a, Table S6) indicated that
the CNSVR sample had the lowest semicircular diameter of all the
examined materials, indicating that it has a better interface reaction
than other g-C3N4/ReSe, heterojunctions. As illustrated in Fig. 9b,
under visible light illumination, all as-prepared samples showed
repeatable photocurrent density, and the addition of co-catalyst
ReSe, makes the photocurrent response intensity increase. The
photocurrent responses of CNSVR sample have the maximum pho-
tocurrent density in light on/off cycles. To further investigate the
kinetics of electron transfer between catalysts, we selected the bare
g-C3N4 for some comparison experiments with the best catalytic
sample CNSVR. The steady-state photoluminescence (PL) pattern at
345 nm excitation (Fig. 9¢) showed that g-C3N4 gives a broad band
centered at ~480 nm, while the peak of the composite CNSVR is blue-
shifted to near 445 nm and its intensity is significantly decrease. The
reduction of photoluminescence signal intensity in the CNSVR sug-
gests that electron transfer is most effective in the composites, while
the peak blueshift is due to quantum restriction effects induced by
the ultrasonic dispersion and self-assembly process [67,68]. More-
over, consistent with steady-state PL data, the corresponding tran-
sient fluorescence curves were collected at the same 365nm
emission peak, as shown in Fig. 9d. The three radiative lifetimes
(t1-73), as well as the average radiative lifespan (t,v) of CNSVR, are
drastically decreased when compared to bare g-C3N,4. These multiple
time constants are derived from charge transfer, various trapping
processes and/or intrinsic lifetime heterogeneity. Thus, the fact that
the average relaxation lifetime of CNSVR is shorter than that of bare
g-C3Ny4 suggests that charge transfer on CNSVR surface is more ef-
ficient, which also explains the higher photocatalytic activity of
CNSVR in agreement [69]. The results of the steady-state surface
photovoltage (SPV) spectra (Fig. 9e) show that the SPV values of
CNSVR are much larger than those of bare g-C3Ny. It revealed that
more photo-induced electron-hole pairs are transferred to the sur-
face of CNSVR, the introduction of ReSe,(SV) ultrathin nanosheets
and the formation of heterojunctions can enhance the separation
efficiency of the g-C5N,4 surface effectively. The unpaired electrons in
the samples were also investigated using EPR with visible light ir-
radiation. Fig. 9f shows that each sample has a single Lorentzian line
centered at gi, =2.0013 (close to the free-electron value, g, =
2.0023), which corresponds to the produced conduction electrons in
the confined m system of g-CsN4 system [70]. The heterojunction
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(A > 420 nm) of bare g-C3N4 and CNSVR.

sample CNSVR showed increased EPR signals, which is compatible
with the front results.

According to the foregoing discussions along with the kinetics
studies [71-73] and investigations of some similar type hetero-
junction materials [64-67], the carrier transfer path and H, evolu-
tion mechanism of the g-C3N4/ReSe,(SV) heterojunction in the
photocatalytic process is proposed and explored, as shown in Fig. 10.
The type-I heterojunction is formed first when the ReSe, nanosheets
are dispersed on g-C3N,4 due to their matching band structure. After
visible-light irradiation, a substantial number of photoinduced
electron-hole pairs will be formed inside the g-C3N4 semiconductor.
Simultaneously, since heterojunction forms between ReSe,(SV) na-
nosheets and g-C3N4 the CB potential absolute value of g-C3N,4

10

(-0.97V vs. NHE) is higher than that of ReSe,(SV) ultrathin na-
nosheets (-0.36 V vs. NHE), photoinduced electrons from the CB of g-
C3N4 quickly migrate to the CB of ReSe,(SV) ultrathin nanosheets
and preferentially reduced to generate H, [74-77]. Because of the
large mass gap between electron and hole [68], the vast majority of
photogenerated holes remains on the g-C3N4 surface and the holes
will be removed by the sacrificial agent TEOA. This process is the key
to separating holes and photogenerated electrons, suppressing the
electron-hole pairs internal compounding. In addition, the Re-
Se,(SV) ultrathin nanosheets and g-C3N4 nanosheets formed a 2D
spatial electron transport network, which greatly promoted the
photo-induced electron transfer and separation, and obtained higher
photocatalytic activity [34,35,78-80].
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4. Conclusion

In this work, the composite photocatalysts based on g-CsN,4 and
ReSe, ultrathin nanosheets with abundant edge-active sites were
synthesized via a simple and efficient ultrasound-assisted liquid
stripping and self-assembly method. The experimental and theore-
tical investigations confirmed that there are intensive electronic
interactions over the as-formed heterojunction between g-CsN,4 and
ReSe,. Meanwhile, the ultrasonic treatment along with hetero-
structures led to the increase of edge active sites and significantly
improved photocatalytic hydrogen production from water splitting.
Simultaneously, the selenium vacancies in the photocatalyst im-
proved the hydrogen production. Furthermore, the photocatalysis
mechanism was explored in this work. Through optimization of the
g-C3N4/ReSe, nanosheets, the hydrogen production rate increased 21
times from 50.18 to 1055.50 pmol g™ h™! for pristine g-C5N, material
and showed excellent stability in cycling and recovery experiments.
The present study demonstrates that the electronic structure can be
adjusted to increase the active sites by jointly reducing the number
of nanosheet layers as well as by introducing vacancies. This method
can be extended to various heterojunction photocatalysts of layered
materials, since it is a promising method for designing solar pho-
tocatalysts for hydrogen production.
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