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ABSTRACT

The Pt-free photocatalytic hydrogen evolution (PHE) has been the focus in the photocatalytic field. The catalytic system with the
large accessible surface and good mass-transfer ability, as well as the intimate combination of co-catalyst with semiconductor is
promising for the promotion of the application. Here, we have reported the design of the two-dimensional (2D) porous C3N,
nanosheets (PCN NS) intimately combined with few-layered MoS, for the high-effective Pt-free PHE. The PCN NS were
synthesized based on peeling the melamine—cyanuric acid precursor (MC precursor) by the triphenylphosphine (TP) molecular
followed by the calcination, mainly due to the matched size of the (100) plane distance of the precursor (0.8 nm) and the height
of TP molecular. The porous structure is favorable for the mass-transfer and the 2D structure having large accessible surface,
both of which are positive to promote the photocatalytic ability. The few-layered MoS, are grown on PCN to give 2D MoS,/PCN
composites based on anchoring phosphomolybdic acid (PMo,,) cluster on polyetherimide (PEIl)-modified PCN followed by the
vulcanization. The few-layered MoS, have abundant edge active sites, and its intimate combination with porous PCN NS is
favorable for the faster transfer and separation of the electrons. The characterization together with the advantage of 2D porous
structure can largely promote the photocatalytic ability. The MoS,/PCN showed good PHE activity with the high hydrogen
production activity of 4,270.8 pmol-h™-g™" under the simulated sunlight condition (AM1.5), which was 7.9 times of the
corresponding MoS,/bulk C;N, and 12.7 times of the 1 wt.% Pt/bulk C;N,. The study is potentially meaningful for the synthesis of
PCN-based catalytic systems.
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The two-dimensional (2D) g-C;N, is of promising due to their
characterization of large accessible specific surfaces and exposing
plentiful active sites [15-18]. The 2D structure can more
effectively combine with 2D structure (for example MoS,, a well-
known non-Pt co-catalyst), being favorable to promoting the
catalytic performance [19,20]. The g-C;N;, is a layered structure
composed of C-N rings bonded by strong covalent bonding, in
which the layers are combined by weak van der Waals interactions

1 Introduction

The effective utilization of solar energy is key to relieving energy
and environmental problems. The photocatalytic process driven
by solar light can convert solar energy into hydrogen in a “green”
way. The photocatalysts with a suitable band gap, abundant active
sites, and short carrier diffusion distance should be developed to
realize effective conversion [1,2]. Among many well-known

photocatalysts, the graphitic carbon nitride (g-C;N,) has attracted
wide attention because of its ability to utilize visible light and safety
[3,4]. The performance of the g-C;N, can be governed by the
band-gap, the numbers of the active sites and the contact with the
reagents, which pushed the intensive study on the design of g-
C;N,, with well-defined micro-structures to boost the performance
[5, 6]. Morphology engineering has been promising because it can
improve one or several favorable factors simultaneously [7-11].
Typically, the hollow g-C;N, spheres have shown improved
catalytic ability due to their large specific surface area inside and
outside favorable to promote the shuttle of carriers [12, 13]. The
C;N, quantum dots showed the improved performance, which
can be related to the large number of edge active sites and shorter
transmission path of the carriers [14].

[21-23]. Thus, the “top-down” exfoliation of bulk C;N, (BCN),
just like the graphene preparation from the graphite [24], is
frequently used to prepare g-C;N, sheets but suffered from the
strict synthetic conditions (sometimes strong oxidants are
needed), and the formation of the thick layer [25-27]. In contrast,
the “bottom-up” assembly is considered as potential strategy to
prepare the 2D g-C;N, [28,29]. The core of the strategy is a
construction of the layered lamellar precursor followed by well-
designed post-treatment. The choice of molecules which have
strong interaction with the layered precursor would be important
to synthesize the 2D g-C;N,.

Our previous works proved the preparation of the complex
composed of layered stacked melamine-cyanuric acid
coordination layers with the inter-plane distance of 0.8 nm [30]. In
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principle, a molecular with matched size close to inter-plane
distance can potentially peel the precursor to give a 2D layer. The
triphenylphosphine (TP), composed of sp® hybridized phosphorus
coordinated with three phenyl groups, has a tetrahedral molecular
spatial structure. The molecular structure of TP is shown in Fig. S1
in the Electronic Supplementary Material (ESM), its height of
0.8 nm is close to the distance of the (100) crystal planes of the
precursor. Also, there is -7 interaction between the benzene ring
in TP with the precursor layers [31,32]. The characteristics
suggest the potential of TP as an effective “peeling” reagent for the
synthesis of 2D g-C;N,. Here, the precursor with layered stacked
structure was firstly treated by TP molecules assisted by vacuum.
The process makes the “expansion” of the precursor along (002)
direction and the formation of the like-accordion structure.
Subsequently, the controllable heating leads to the formation of
2D porous ultra-thin g-C;N, nanosheets (PCN NS). The PCN NS
has plentiful pores with a large surface area (168.75 m*g™), much
higher than the BCN (4.56 m*g™") and C;N, tubes (22.95 m*g™)
directly derived from the precursor [30]. Also, there is presence of
plentiful nitrogen defects on the PCN NS, which can furtherly
facilitate the separation and transfer of photogenerated carriers in
n conjugate plane. The 2D PCN NS was combined with few-
layered, well-dispersed MoS, characterized by the abundant edge
active sites. The 2D MoS,/PCN showed good photocatalytic
hydrogen evolution (PHE) activity with the high hydrogen
production activity of 4,270.8 pmol'h™g" under the simulated
sunlight condition (AMI1.5), which was 7.9 times the
corresponding MoS,/BCN. The good activity was related to the
tight binding of few-layered MoS, with abundant edge active sites
and porous PCN NS for faster electron transfer and effective
separation, as well as the porous structure for good mass transfer
and 2D sheets with a large accessible surface.

2 Experimental

2.1 Materials and chemicals

Melamine (C;HNg), phosphoric acid (H;PO,), phosphomolybdic
acid (H;PMo,0,, PMoy,), polyetherimide ((C,H;N),, PEI), TP
(CigH,sP), and ethanol (C,H;OH) were all purchased from
Aladdin Chemical Reagent Co, Ltd. Polyethyleneimine was
purchased from Sigma-Aldrich. All of the reagents were used
without any further purification.

2.2 Synthesis of the photocatalysts

2.2.1 Preparation of 2D PCN NS

A supramolecular precursor with the layered stacked structure was
firstly synthesized according to our previous work [30]. The PCN
NS were synthesized based on the vacuum-assisted peeling of the
precursor by the TP followed by the controllable calcination. First,
the 2.4 g precursor was added into an empty flask, which was
sealed with a separatory funnel and connected to a vacuum pump.
After vacuuming for two hours, 20 mL of ethanol solution of TP
was added drop by drop through a separating funnel under
stirring within the period of 5 min. After further stirring for
30 min under vacuum conditions, the solid was separated by the
centrifugation, and washed several times with ethanol and dried
by vacuum freeze-drying. The solids were heated to 500 °C in a
muffle furnace with a heating rate of 1.5 °C-min™ and kept at this
temperature for 2 h, and the final PCN NS were obtained.

222 Preparation of BCN

2 g melamine powder was put into a porcelain crucible, and then
heated to 500 °C in a muffle furnace with a heating rate of
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1.5 °C:min™" and kept at this temperature for 2 h. After cooling to
room temperature, the solids (BCN) were obtained [1, 3, 8].

2.2.3 Preparation of MoS,/PCN NS

The few-layered MoS, was anchored on PCN NS based on the
coupling of PMoy, clusters with PCN NS by PEL As we all know,
PEI was a common positively charged polymer, in which a large
number of amine groups can be combined with negatively
charged colloids and ions. Therefore, after mixing, the positively
charged PEI could coordinate with the -NH, group carried by the
PCN NS through the amine, and bond with the PCN NS to form
a positively charged PEI-PCN NS. In particular, the 100 mg of
PCN NS was dispersed in 50 mL deionized (DI) water followed by
dropwise adding 5 mL of PEI solution (4 mg-mL™) under stirring.
After the dispersion was stirred for 24 h, the excess PEI was
removed by repeated centrifugation (4,000 rpm, 3 min) and
washing cycles (denoted as PEI-PCN NS). The PEI-PCN NS was
dispersed in DI water. The PMo,, (0.02 g) in DI water (5 mL) was
added dropwise into the 50 mL of PEI-PCN NS solution
(2 mgmL™) under vigorously stirring. After stirring for 24 h, the
solid was collected by centrifugation, and washed repeatedly with
DI water and alcohol. After drying at 60 °C for 8 h, the PMo,,/PEI-
PCN NS was obtained.

For the synthesis of MoS,/PCN NS, two porcelain crucibles
separately containing the sulfur powder and the PMo,,/PEI-PCN
NS were placed at a heating zone of the two-zone tube furnace
with containing-S porcelain crucibles at the upstream side. The
temperature for both zones was heated to 450 °C with a heating
rate of 5 °C-min™ under N, flow (50 sccm) and maintained at
450 °C for 2 h. After slowly cooling to room temperature, the
MoS,/PCN NS (P) (the “P” indicates the sample from the “PEI”
coupling route) was formed. The amount of Mo loading on PCN
NS was about 4% by thermogravimetric test.

For comparison, the MoS,/PCN NS (I) (without the use of PEI
as a coupling agent) and MoS,/BCN (I) were also prepared.
Typically, the 100 mg of PCN NS (or BCN) was dispersed in
50 mL DI water. Then, 0.004g PMo,, in DI water (5 mL) was
added dropwise into the PCN NS solution of 50 mL (2 mg-mL™)
under vigorously stirring. After stirring until the sample was dry,
the PMo,,/PCN NS (PMo,,/BCN) was obtained. After that, the
vulcanization process of PMo,,/BCN and PMo,,/PCN NS was
similar to that of the MoS,/ PCN NS (P), and corresponding
MoS,/PCN NS (I) and MoS,/BCN (I) were obtained.

2.3 Characterization

X-ray diffraction (XRD) patterns were obtained on a Bruker
D8 diffractometer with nickel-filtered Cu Ka radiation
(A = 0.15405 nm, 40 kV, 100 mA). The structure of the samples
was characterized using a Hitachi S-4800 field emission scanning
electron microscopy (SEM) operating at 15 kV and JEM-F200
transmission electron microscopy (TEM, JEOL) with an
acceleration voltage of 200 kV. Energy dispersive X-ray (EDX)
spectroscopy and elemental mapping were performed on the
TEM. Fourier transform infrared spectroscopy (FTIR) was
recorded on a Perkin—Elmer Spectrum One spectrometer using
potassium bromide (KBr) pellets. The photoluminescence (PL)
spectra were recorded with a Hitachi F-4600 fluorescence
spectrophotometer at room temperature. Surface areas were
measured using an ASAP 2420 (Micro-metrics Instruments)
surface area analyzer using the Brunauer-Emmett-Teller (BET)
method. Ultraviolet-visible (UV-vis) absorption spectroscopy was
recorded using a UV-vis spectrophotometer (Shimadzu UV-
2550). X-ray photoelectron spectroscopy (XPS) analysis was
performed on a VG ESCALAB MK II with an Mg Ka (1,253.6 eV)
achromatic X-ray source. The thickness of samples was analyzed
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by a Multimode Nanoscope VIII instrument (Bruker) atomic
force microscopy (AFM). The electron paramagnetic resonance
(EPR) of the samples was performed by a Bruker EMX plus model
spectrometer at room temperature. Zeta potential measurements
were obtained by Malvern Zetasizer Nano ZS90. In this case,
10 mg of the sample was dispersed in 20 mL of DI water by
sonication at room temperature.

2.4 Photoelectrochemical test

Photoelectrochemical measurements were performed by using a
BAS100B electrochemical analyzer (Bioanalytical Systems Inc.,
USA) in a standard three-compartment cell. A Pt plate and a
saturated Ag/AgCl electrode were used as the counter and
reference electrodes, respectively. For the working electrodes, a
sample (10 mg) was dispersed in ethanol (10 mL) to obtain a
slurry. The slurry was coated onto the fluorine-doped tin oxide
(FTO) glass substrates and dried in an oven overnight and
calcinated at 400 °C (heating rate of 5 °C:min™') for 60 min under
nitrogen flow. The aqueous solution of Na,SO, (0.2 mol-L") was
used as a supporting electrolyte, which was purged with N, for
60 min before measurements. All photoelectrochemical
experiments were carried out under AM1.5 irradiation with a
power density of 100 mW-cm™. Linear sweep voltammetry (LSV)
measurements were carried out at a scan rate of 10 mV-s™.
Electrochemical impedance spectroscopy (EIS) experiments were
conducted in dark. Mott-Schottky plots were collected with a scan
rate of 5 mV-s™ at a different frequencies (1.0k, 1.2k, and 1.4k Hz).

2.5 Measurement of PHE

The photocatalytic H, evolution reactions were carried out in an
online photocatalytic hydrogen production system (AuLight, CEL-
SPH2N, Beijing PerfectLight) at 25 °C. A Xenon arc lamp (300 W)
with an AM1.5 bandpeass filter or cutoff filter (A > 400 nm) as the
light source to trigger the photocatalytic reaction. In a typical
experiment, 10 mg of photocatalyst (MoSy/PCN NS (P),
MoS,/PCN NS and MoS,/BCN) was suspended in a mixture of
80 mL distilled water and 20 mL methanol in the reaction cell
under magnetic stirring. Before the reaction, the mixture was
degassed under vacuum to remove O, and CO,. During the
reaction process, the evolution gas was observed only under
irradiation and analyzed by an online gas chromatograph
(GC7900, TCD, molecular sieve 5 A, Ar carrier, Beijing Keruida
Limited)

3 Results and discussion

3.1 Material characterization

The synthesis process of 2D PCN NS is shown in Fig. 1(a). The
process starts from the synthesis of the rod-shaped supramolecular
precursor with a layered-like stacked structure [30]. The precursor
was treated by TP molecular-based on the vacuum-assisted
method. The process makes the “expansion” of the precursor
along the (002) direction, thus forming the like-accordion
structure. Subsequently controlled heating leads to the formation
of 2D PCN NS. The plentiful amine groups in PEI can interact
with both PMo, and C;N,, so they can act as “coupling molecular”
for linking the PMo,, and g-C;N, [33]. Zeta potential test was
conducted on PCN NS and PEI-modified PCN NS respectively.
The test results showed that the zeta potential of PCN NS was
—17.6 mV and the zeta potential of PEI-PCN NS is 38.8 mV (Fig.
S2 in the ESM). So, by using PEI as a coupling agent, the PMo,
clusters can be anchored onto PCN NS, and subsequently
transformed into few-layered, well-dispersed MoS, by the
controlled vulcanization.

Nano Res. 2023, 16(2): 3524-3535

The precursor shows the hexagonal rod-shaped morphology
with a length of 200-500 um and a diameter of 30-80 pum (Figs.
S3(a) and S3(b) in the ESM). The precursor has a layered-like
stacked structure as demonstrated by our previous report [30]. As
known, the materials with the layered-like structure can be
exfoliated by the intercalation to give the 2D structure. So, this
layered-like structure of the precursor allows the intercalation of
suitable molecules between the layers inspired by previous studies
about the graphite, layered double hydroxide (LDH) and MoS,
[34, 35]. The key is the search for a molecular with matched size
close to interlayer spacing and proper interaction with the layer.
The TP has a height of 0.8 nm, being close to the distance between
the (100) crystal planes of the precursor. Also, it is speculated the
presence of strong m— interaction between the benzene ring in
TP and the C-N rings of precursor layers.

Next, we discuss in depth the formation process of 2D PCN NS:
Since the TP molecule is a three-dimensional (3D) structure
formed by the coordination of sp’ hybridized phosphorus and
three phenyl groups, we believe that the benzene ring in the TP
molecule can have a strong interaction with the layered g-C;N,
precursor. The interaction helps to peel off the layered precursor
into thin sheets. As shown in Figs. S3(c) and S3(d) in the ESM, the
hexagonal micro-rods turned into an accordion-like structure after
treatment by TP, indicating the strong interaction of TP with the
precursor layers (precursor-T). Especially, as shown in Fig. S4 in
the ESM, one weak peak located at 28.23° in the precursor become
very strong in precursor-T. Other peaks emerged in the precursor
almost disappeared in precursor-T, especially those peaks located
before 28.23°. The peak located at 28.23° can be indexed in the
(002) plane (basic plane) of the precursor. The strong peaks in the
precursor-T imply the exfoliation of the precursor along (100)
direction. Notably, there is no obvious changes in the peaks in
XRD patterns located before 28.23° when the precursor was
treated in ethanol (precursor-E). The XRD pattern of precursor-E
is similar to that of the samples from directly grinding the
precursor. The slight change in the XRD pattern should be
attributed to the crack of the precursor into the small grain rather
than the exfoliation. The time-dependent experiments verified the
gradually expanded and finally exfoliated precursor. The results
show the role of TP in the effective exfoliation of the precursor.

The precursor-T is also composed of melamine and cyanuric
acid units which are suitable components for the synthesis of g-
C:N,. So, the precursor-T was heated in the air, just like the
general procedure for the preparation of g-C;N,. The thermal
gravimetric (TG) test (Fig. S5 in the ESM) was firstly carried out to
investigate the pyrolysis process of the precursor-T. As shown, the
precursor-T began to lose weight at 300 °C, which was attributed
to the evaporation of adsorbed molecules on the surface. A
significant weight loss is observed in the range of 300-450 °C,
which is due to the condensation polymerization of the precursor.
During the heating process, the precursor releases NH;, NO,,
N,0/CO,, and other gases, which further promotes its exfoliation
into ultra-thin nanosheets and the formation of the pores [23]. By
comparison, the precursor without intercalation of TP has a
slightly higher weight-loss temperature. As shown in previous
work, the decrease in the size can decrease the pyrolysis
temperature for the zeolitic imidazolate framework (ZIF)-8
particle and 2D ZIF-67 sheets [36, 37]. So, the lower weight-loss
temperature of precursor-T can be related to its thin-sheet
structure.

In order to clarify the formation process of the 2D PCN NS, the
thermal oxidative exfoliation was further studied. We have found
gradual increases in the degree of peeling as the increase of
calcination temperature from 350 to 500 °C. Typically, the
calcination at the 350 °C can result in the slight expansion of
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Figure1 (a) Illustration of the preparation process of PCN NS. (b) SEM image of the PCN NS. (c) Magnified SEM image of the PCN NS. (d) TEM image of the PCN
NS. (e) Magnified TEM image of the PCN NS. (f) AFM image and (g) the corresponding height profiles of PCN NS. (h) STEM image and EDX elemental mappings of

PCNNS.

precursor-T (Fig. S6(a) in the ESM) within 1 min (Fig. S6(b) in the
ESM). The expansion can be promoted by increasing the
calcination to 400 or 450 °C (Figs. S6(c) and S6(d) in the ESM). A
large number of thin sheets can be formed by the calcination at
500 °C for 1 min (Fig. S6(e) in the ESM). Further increase of the
calcination time to 2 h, the sample evolved into an ultrathin 2D
porous structure (Fig. S6(f) in the ESM). The results show that the
exfoliation of precursor-T is a fast process, which should be
ascribed to the release of a large number of gaseous products
during the calcination process. The gas can sharply increase the
internal pressure of the precursor layers, leading to the rupture of
the m—m interaction. At the same time, the gas released during the
thermal condensation process can create many pores and finally
produce 2D PCN NS.

The transformation of sheet-like precursor-T into g-C;N, is
verified by the XRD (Fig. S7 in the ESM). The peaks located at
13.11° and 27.56° are indexed to the (100) and (002) diffraction
peaks of g-C;N,. Compared with BCN, the (100) peak of PCN NS
almost disappears [38]. The disappearance can be attributed to the
separation of the repeated conjugated g-C;N, plane, implying the
formation of thin sheets. The broad and weak (002) peak also

indicates the thin-sheet characterization of the samples. In
addition, a broad peak around 22° is attributed to the amorphous
phase, implying the low crystallinity of PCN NS [39-41]. The
formation of thin sheets can be directly demonstrated by the SEM
and TEM. As shown in Figs. 1(b) and 1(c), the SEM image shows
the presence of a thin nanosheet in PCN NS samples. There is the
presence of the curled margin, like the reduced graphene oxide
(rGO), implying the thin-sheet characterization of PCN NS. The
formation of pores should be ascribed to the release of gases such
as (NH;, CO,, H,0, and NO) during the calcination [42]. The
TEM image shows the thin sheets with the plentiful pores
having the sizes of 10-50 nm (Figs. 1(d) and 1(e)). The AFM
image shows the thickness of the sheets at about 3 nm (Figs. 1(f)
and 1(g)). All above tests imply the formation of porous thin
sheets based on our “vacuum-assisted expansion” method. Both
porous and 2D structures are favorable to increase the surface
area. As shown in Fig.S8 in the ESM, the N,
adsorption—desorption isotherm shows a typical four-type curve
and a typical Hj-type hysteresis loop, indicating the porous
structure of PCN NS. The specific surface area of PCN NS is
about 168.8 m*g™, which is about 36 times of BCN (4.6 m*g™).
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The large specific area and porous structure are favorable for the
contact of reactants with the catalysts and the transfer mass, which
is largely important for effective catalysis. The scanning
transmission electron microscopy (STEM) shows the net-like
sheets, and corresponding EDX mapping shows the uniform
distribution of C, N, and O elements throughout the whole scan
area (Fig. 1(h)).

There is the usual presence of N or C vacancies in the g-C;N,.
In general, the N vacancies can tune the bandgap, act as trap states
for photogenerated electrons, and promote charge transfer and
separation efficiency [42] because of the 1 electrons delocalization
of the C;N, network by the distribution of e electrons to the
nearest carbon atom [43-46]. We have combined several methods
to give the information about N vacancies. As shown in the FTIR,
there are lower N-H tensile peak intensities (3,000-3,300 cm™) in
PCN NS than that in the BCN, implying the decrease of the N-H
group concentration (nitrogen vacancies) in the former (Fig. 2(a))
[42]. Further, the EPR spectroscopy shows a signal with a g value
of 2.003 (Fig. 2(b)), attributing to the unpaired electrons on the
carbon atoms of the heptazine ring in the n-bonded materials. The
peak intensity for PCN NS is much higher than that of BCN,
indicating the introduction of more nitrogen vacancies in the PCN
NS than that in BCN. The loss of nitrogen atoms will leave excess
electrons, thus increasing the concentration of lone pair electrons.

To further determine the nitrogen vacancy, high resolution N
1Is XPS spectrum of the PCN NS was given and analyzed (Fig.
2(c)). The spectrum displays three peaks located at 398.3, 399.4,
and 4009 eV, assigned to C=N-C, (C);-N, and N-H,
respectively. Compared to BCN, all the N 1s peaks of PCN NS
shift to higher binding energy, indicating the formation of N
vacancies [46]. It is worth noting that the peak area ratio between
C=N-C and (C);-N is significantly reduced from 2.35 for BCN to
1.63 for PCN NS, indicating that the nitrogen vacancies are mainly
located at the CN=C site [29]. Furthermore, by comparison with
BCN, the C 1s peak of PCN NS (Fig.2(d)) shifts to low binding

Nano Res. 2023, 16(2): 3524-3535

energy, indicating more electrons around C in PCN NS. This is
due to the electron transfer caused by the absence of N. A new
peak centered at 286.1 eV appeared in PCN NS, which further
confirmed the loss of lattice nitrogen and the formation of
nitrogen vacancies [47]. Moreover, the XPS spectrum of the rod-
shaped precursor did not find the characteristic P element peak
(Fig.S9 in the ESM), indicating that the phosphorous acid
molecules adsorbed on the precursor have been completely
removed. No obvious P element peak was found in the rod-
shaped precursor after TP intercalation, which indicated that TP
peeled off the (100) crystal plane and did not remain in the
precursor. This corresponds to the XPS spectrum of PCN NS P
2p.

UV-vis absorption spectroscopy shows that both BCN and
PCN NS have absorption in the range of 300-800 nm. Compared
with BCN, PCN NS has a significant blue shift, which is caused by
the quantum confinement effect of ultra-thin structure.
Nevertheless, the PCN NS still showed enhanced visible light
absorption spanning the entire visible light region, which is mainly
due to the enhancement of the photo-generated carrier n - m*
transition (Fig. S10(a) in the ESM) [48]. Based on the UV-vis
spectrum, the band gap of BCN and PCN NS is about 2.66 and
2.76 eV (Fig.S10(b) in the ESM). In addition, we analyzed
Mott-Schottky at different frequencies of 1.0k, 1.2k, and 1.4k Hz
to determine its electronic band structure (Figs. S11(a) and S11(b)
in the ESM). The positive slopes of BCN and PCN NS come from
typical n-type characteristic = semiconductors. In  the
Mott-Schottky diagram, the flat band potentials of BCN and PCN
NS are —1.10 and —1.02 V (relative to Ag/AgCl), respectively. It is
generally believed that the conduction band (CB) potential in n-
type semiconductors is approximately equal to the flat band
potential, so the CB edges of BCN and PCN NS are —1.10 and
—1.02 eV, respectively. The band structure diagram of BCN and
PCN NS (Fig. S12 in the ESM) can be drawn by combining the
UV-vis spectrum (Fig. S10 in the ESM). The CB of PCN NS
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Figure2 (a) FTIR spectra of BCN and PCN NS. (b) Room-temperature EPR spectra of BCN and PCN NS. (c) N 1s XPS spectra of BCN and PCN NS. (d) C 1s XPS

spectra of BCN and PCN NS.

TSINGHUA
N UNIVERSITY PRESS

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(2): 35243535

moves down by 0.08 eV in comparison with BCN, which is
mainly due to the formation of defect states caused by nitrogen
vacancies [47]. Although the CB potential of PCN NS decreases, it
is still more negative than the reduction potential of H'/H,. The
analysis of band structure shows that the band edge of PCN NS
satisfies the thermodynamic requirements of PHE from water.

The combined characterizations of the 2D structure, plentiful
pores and rich N vacancies are favorable for photocatalysis. The
steady-state PL spectrum of the photocatalyst is shown in Fig. S13
in the ESM. The main emission peak of the PCN NS and BCN
appears at 460 and 470 nm. A blue shift of the peaks for PCN NS
in the comparison with that of BCN is consistent with the change
of the band gap and the thin-sheet characteristics of PCN NS. In
addition, compared with that of BCN, the PL intensity of PCN NS
is significantly reduced, indicating the lower electron-hole
recombination rate of PCN NS than that of BCN.

The primary tests show that, in the presence of 1 wt.% Pt, the
hydrogen production activity over PCN NS is 42 times (AM1.5)
and 16 times (cut 400) of that over BCN. The hydrogen
production activity can reach 108.0 pmol-h™-g™ in the absence of a
cocatalyst under simulated sunlight (Fig.S14 in the ESM). As
known, the non-Pt PHE is important due to the high price and
low reserve of Pt metals. Among many co-catalysts developed, the
MoS, are of most promising and frequently studied co-catalysts
because the free energy of the H adsorption on edge sites of

(@)
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transition metal dichalcogenides (TMDs) is close to that on Pt
[49]. It is desirable to load the few-layered and well-dispersed
MosS, on g-C;N, for exposure to the more active sites [50]. Our
previous studies show the loading of the small-size and well-
dispersed MoP and Mo,N on 2D graphene by using
polyoxometalate (POM) clusters as a precursor [51]. So, we have
adopted a method based on the coupling of g-C;N, and PMo,
clusters (Mo source) by PEI for the growth of few-layered and
well-dispersed MoS, on g-C;N,. The PEI has processed rich
positively charged amines that can combine with negatively
charged colloids or ions. The zeta potential value of PEI-PCN NS
was measured to be +38.8 mV when dispersed in DI water, and it
is =17.6 mV for PCN NS (Fig. S2 in the ESM). Therefore, the PEI
can combine with the PCN NS to form a positively charged PEI-
PCN NS. In DI water, phosphomolybdic acid can ionize into
discrete negatively charged anions [PMo,,0,]". The anions can
combine with the amines in PEI-PCN NS to obtain PMo,,/PCN
NS complexes. Through the sulfurization, the MoS,/PCN NS can
be formed (Fig. 3(a)). The coupling action of PEI can inhibit the
over-growth and server aggregation of the particles, to form the
uniform and few-layered MoS,. As shown in Fig.S15(a) in the
ESM, the activity test of MoS,/PCN NS (P) synthesized with
different PMo,, loading capacity was carried out. When the PMo,,
loading capacity was 20%, the photocatalytic hydrogen production
capacity was the best. TG test showed that the true content of the
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Figure 3 (a) Illustration of the preparation process of MoS,/PCN NS (P). (b) SEM image of the MoS,/PCN NS (P). (c) Magnified SEM image of the MoS,/PCN NS
(P). (d) TEM image of the MoS,/PCN NS (P). (e) Magnified TEM image of the MoS,/PCN NS (P). (f) AFM image of MoS,/PCN NS (P). (g) the corresponding height
profiles of MoS,/PCN NS (P). (h) STEM image and EDX elemental mappings of MoS,/PCN NS (P).
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best active catalyst MoS, was about 4% of MoS,/PCNS (Fig. S15(b)
in the ESM).

The XRD pattern (Fig. S16 in the ESM) of MoS,/PCN NS (P)
shows three peaks at 27.5°, 33.2°, and 58.8° respectively, which can
be attributed to the (002) interlayer stacking peak of PCN NS and
(100) and (110) peak of MoS, [52]. The peaks (located at ~ 13°)
regarding as the (002) peak of MoS, cannot be seen, which implies
the few-layered/single-layered characterization of MoS,. The SEM
image obviously shows the ultra-thin and curled 2D thin-sheet
structure, like the original PCN NS. The test implies the formation
of thin MoS, sheets on PCN NS (Figs. 3(b) and 3(c)). The TEM
image shows the uniform growth of MoS, on PCN NS (Fig. 3(d)).
The enlarged TEM image (Fig.3(e)) shows the fringes with a
lattice spacing of 0.28 and 0.69 nm, corresponding to the (100)
and (002) crystal planes of MoS, [53]. The fewer-layered MoS,
benefits from to exposure more active sites. Also, we can observe
the intimate contact of MoS, and PCN NS, being favorable for the
transfer of electrons. For MoS,/PCN NS (I) from the immersion
method, the TEM image shows the aggregated, thick MoS, sheets
on the PCN NS (Fig. S17(a) in the ESM). The MoS,/PCN NS (P)
has a size of about 15 nm (Fig. 3(e)), while MoS,/PCN NS (I)
composite prepared without PEI has a size of about 25 nm (Fig.
S17(b) in the ESM). By calculating the active site at the edge of
MoS,, MoS,/PCN NS (P) composites exposed to active sites at the
edge of 8.3%, much higher than MoS,/PCN NS (I) of 4% [54].
This further proves the advantage of few-layered MoS, over multi-
layered MoS,. The analysis demonstrated that the PEI coupling
method is conducive to giving MoS, with the exposure of more
active sites at the edge. The AFM image shows the thin-sheet
MoS,/PCN NS (P) with a thickness of about 4 nm (Figs. 3(f) and
3(g)). As shown in Fig. 3(h), STEM clearly shows that C, N, S, and
Mo elements were uniformly distributed throughout the NS. The
sheet is slightly thicker than that of PCN NS, which further

Nano Res. 2023, 16(2): 3524-3535

verifying the growth of thin MoS, on PCN NS (P). The
characterization makes the high BET specific areas of MoS,/PCN
NS (P) (192 m*g™') (Fig. S8 in the ESM).

In order to further analyze the chemical composition and
valence state, we performed XPS measurements. Figures 2(d) and
4(a) show the high-resolution C 1s XPS spectra of PCN NS and
MoS,/PCN NS (P). There are four peaks at 284.6, 286.1, 288, and
289 eV in the MoS,/PCN NS (P) catalyst, which correspond to the
C in C-C, C-NH,, N-C=N, and =C-NH,. Compared with that
in PCN N, the C 1s peaks in MoS,/PCN NS (P) show a positive
shift of 0.4 eV. Figure 4(b) shows the high-resolution N 1s XPS
spectra of MoS,/PCN NS (P). The peaks located at 398.6,
399.7,and 401.0 eV are attributed to C=N-C, (C);-N, and N-H,
respectively. Compared with that in PCN NS (Fig. 2(c)), the N 1s
peaks show a positive shift of 0.3 eV. Figure 4(c) shows the high-
resolution XPS spectrum of Mo 3d. The binding energies located
at 229.3 (3ds,) and 232.4 eV (3d,,) can be indexed to Mo* in
MoS,. The two peaks at 232.6 and 235.4 eV are attributed to 3ds,
and 3d;, of Mo in MoO3, and the other two peaks at 230.5 and
233.8 eV are attributed to 3ds;, and 3ds;, of Mo™. The emergency
of Mo and Mo™ should be due to the slight oxidation of Mo* in
MosS, [55]. Compared with single-layer and few-layer MoS, [56,
57], a negative shift of 0.3 eV can be seen for the Mo 3d peaks of
Mo*. The negative shift indicates the increase of the number of
the electrons around Mo, which may be ascribed to the electrons
moving to molybdenum sulfide. Figure 4(d) shows the S 2p high-
resolution XPS spectrum of MoS,/PCN NS (P). The S 2p binding
energy is located at 162.1 (2p;,) and 163.2 eV (2p,,). Compared
with single MoS,, a negative shift of 0.4 eV for S 2p can be seen.
This result proves that the number of electrons around
molybdenum sulfide increases, which is attributed to the effective
electron transfer between PCN NS (P) and MoS,. The two peaks
appearing at 164.1 and 165.2 eV are attributed to the elemental
sulfur on the catalyst surface [54]. The results further confirmed
the formation of MoS,/PCN NS (P) and the transfer of electrons
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Figure4 (a) C 1s XPS spectra of MoS,/PCN NS. (b) N 1s XPS spectra of MoS,/PCN NS (P). (c) Mo 3d XPS spectra of MoS,/PCN NS (P). (d) S 2p XPS spectra of

MoS,/PCN NS (P).
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from PCN NS to MoS,, which is largely helpful to improve
photocatalytic performance. The optical properties of the sample
were detected by UV-visible light absorption spectroscopy (Fig.
S18(a) in the ESM). After loading MoS,, the light absorption in the
range of 450-800 nm was significantly enhanced, which may be
due to the enhanced light absorption caused by the dark-colored
MoS, sheet. The results show that the MoS,/PCN NS (P) sample
has a stronger utilization of incident photons and a wider light
absorption range, being consistent with a narrowing band gap
(Fig. S18(b) in the ESM). This is conducive to improving the
performance of photocatalytic hydrogen production.

3.2 Photocatalytic H, evolution performance

Above characterizations imply the potential of the catalysts for
solar photocatalysis. The photocatalytic activity of MoS,/PCN NS
(P) for hydrogen evolution was investigated by using methanol as
a sacrifice electron donor and under simulated sunlight
irradiation. As shown in Fig. 5(a), the average hydrogen evolution
rate of MoS,/PCN NS (P) reached 4,270.8 umol-h™.g™', which was
39 times higher than that of PCN NS (108.0 umol'h™g") and
8 times higher than that of MoS,/BCN (P) (533.7 umolh™.g™).
This result proves that MoS, is an effective cocatalyst for hydrogen
evolution. Also, the comparison emphasizes the advantages of 2D

(@)s.000
&=
Tog 4270.8
T_F4,000-
=
E
23,000
=
=
E
= 2,000 -
>
)
§l7000-
P 5337 463.7
=
g ol o 180 686
' APSHIR)
& o 6 <O & & ¢
W ¥ e%%‘z’o \‘zoeé 5*
W o
é\@
(c)
MoS,/BCN (P)
MoS,/PCN NS (P)
-~
=
&
£
w
=
5]
=
—
350 400 450 500 550 600 650 700
Wavelength (nm)
(e) 20
MoS,/BCN (P)
-
o —— MoS,/PCN NS (P)
£ 15
<
3
S
=
2 101
S
=
<
S
S 5
&
0

0 1(I)0 2(I)0 3|l)0 400
Time (s)

(b) 160 4

3531

PNC NS over BCN for PHE. In addition, the PHE activity of
MoS,/PCN NS (P) was much higher than that of MoS,/PCN NS
(I) (463.7 pmol'h™g™). The improvement can be relative to the
few-layered and high-dispersed characterization of MoS, in
MoS,/PCN NS (P) benefited from the PEI-coupling method.
Moreover, as shown in Fig. 5(b), after 5 cycles of testing within a
20-h photocatalytic operation, the H, yield did not decrease
significantly, indicating that MoS,/PCN NS (P) has high stability
under the applied reaction conditions. To better understand the
origh of good  photocatalytic =~ performance,  the
photoelectrochemical ~ properties of MoS,/BCN (P) and
MoS,/PCN NS (P) photoanodes were studied. The separation
efficiency of electron-hole pairs is a key parameter that
determines the solar absorption and conversion capabilities, which
was evaluated by LSV. Obviously, the LSV shows higher
photocurrent density for MoS,/PCN NS (P) under AM1.5 than
MoS,/BCN (P) (Fig.S19 in the ESM), illustrating the more
efficient separation of photogenerated charges. Figure 5(c) shows
the room temperature PL spectrum. According to the normal PL
results, the main emission wavelength of all samples (excited at
375 nm) is located at = 450 nm, which can be attributed to the
band gap luminescence of g-C;N, It is worth noting that,
compared with that of MoS,/BCN (P), the PL spectrum of
MoS,/PCN NS (P) shows a blue shift. This shift is attributed to the
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Figure5 (a) Hydrogen evolution from water containing 20 vol.% methanol scavengers under simulated sunlight (AM1.5) of all photocatalysts. (b) Time course of H,
evolution for under simulated sunlight. (c) Steady state PL spectra of MoS,/BCN (P) and MoS,/PCN NS (P). (d) SKP maps of MoS,/BCN (P) and MoS,/PCN NS (P).
(e) The transient photocurrent responses of MoS,/BCN (P) and MoS,/PCN NS (P). (f) EIS Nyquist plots of MoS,/BCN (P) and MoS,/PCN NS (P) electrodes.
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wideband gap characteristics of ultra-thin structures [21], which
can also be confirmed by the UV-vis diffuse reflectance spectra
(Fig. S10(a) in the ESM). The scanning Kelvin probe (SKP) is
sensitive to discern subtle molecular interactions through vibrating
electromagnetic and acoustic fields, which shows a relatively flat
potential change in terms of work function (WF). As shown in
Fig. 5(d), the WF of MoS,/PCN NS (P) (5.64 eV) is lower than
that of MoS,/BCN (P) (5.72 eV), which ensures easier escape of
electrons from MoS,/PCN NS (P) catalysts to H* for PHE [58].
According to SKP results, the approximate Fermi level of
MoS,/PCN NS (P) is higher than that of MoS,/BCN (P), which
changes the built-in electric field and surface band bending. So,
the ultrathin structure can accelerate the transfer of
photogenerated carriers to the cocatalyst, thus greatly reducing the
electron-hole recombination and improving the photocatalytic
performance. To gain insight into the charge transport efficiency,
the transient photocurrents of MoS,/BCN (P) and MoS,/PCN NS
(P) electrodes were measured. As shown in Fig. 5(e), both
electrodes exhibited fast and uniform photocurrent responses
under intermittently visible light irradiation. Compared with
MoS,/BCN (P), the MoS,/PCN NS (P) photoelectrode shows a
much higher photocurrent response. The result indicates that the
transfer and separation of charge carrier later were greatly
enhanced, being consistence with the PL analysis. A similar trend
was also observed in EIS measurement (Fig. 5(f)). As shown, the
MoS,/PCN NS (P) shows the smallest arc radius in all samples,
indicating its low resistance for fast interfacial charge carrier
transfer. In summary, the unique 2D porous structure MoS,/PCN
NS (P), large specific surface area, and intimate contact of MoS,
with PCN NS can contribute to the good charge separation ability
that shortens the migration distance of photo-generated carriers,
thus giving improved the photocatalytic activity.
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3.3 Band structure and charge transfer

The band structure of MoS,/PCN NS (P) was studied to give some
insight into the photocatalytic process. The CB positions of PCN
NS and MoS, were measured by Mott—Schottky plots at
frequencies of 1.0k, 1.2k, and 1.4k Hz. Both PCN NS and MoS,
exhibit a positive slope, which are consistent with the character of
a typical n-type semiconductors (Fig. S11(b) in the ESM and Fig.
6(a)). The flat band potentials of PCN NS and MoS§, are —1.02 and
-0.84 V (relative to Ag/AgCl), respectively. It is generally believed
that the CB potential in n-type semiconductors is approximately
equal to the flat band potential, so the CB edges of PCN NS and
MoS, are —1.02 and —0.84 eV, respectively. In addition, based on
the UV-vis spectrum, the band gap of PCN NS and MoS, is about
2.77 and 1.80 eV (Fig. S10(b) in the ESM and Fig. 6(b)).

So, the potentials of the valence bands of PCN NS and MoS, are
calculated to be 1.75 and 0.96 eV by a combined analysis of
bandgaps and CB edges. The results indicate the formation of a
Type I heterojunction between PCN NS and MoS, (Fig. 6(c)).
Based on the above analyses, we proposed a mechanism of charge
transfer promoted by the synergistic interaction between MoS,
and PCN NS. As shown in Fig. 6(d), when the MoS,/PCN NS (P)
is illuminated by light, the electrons and holes are generated in
PCN NS. In MoS,/PCN NS (P), the MoS, can act as an electron
acceptor. The electrons at the CB of PCN NS are rapidly
transferred to the CB of the MoS,, which can subsequently
participate in the evolution of H,, and the holes in the valence
band (VB) of PCN NS can be transferred to the VB of MoS, and
react with methanol. The excellent photocatalytic hydrogen
production activity of MoS,/PCN NS (P) originates from several
aspects. (1) The ultra-thin structure of PCN NS shortens the
electron-hole transfer distance; (2) the pore structure of PCN NS
is conducive to the mass transfer process and accelerates the redox
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reaction, and the ultra-thin porous structure can increase the
specific surface area, which is conducive to the better growth of
the cocatalyst; (3) the introduction of nitrogen defects in PCN NS
facilitates the separation and transfer of charge carriers in 7
conjugate plane, inhibiting the recombination of electron-hole
pairs for effectively improving the PHE rate; (4) benefiting from
the intimate contact of MoS, and PCN NS, the photogenerated
electrons in the CB of PCN NS can be easily transferred to few-
layer MoS,, then reducing water to form hydrogen. In addition,
the few-layer MoS, can provide plenty of the unsaturated active S
atoms that can bond to H* in the solution. Thus, the few-layer
MoS, in this system can not only guide and accelerate charge
transfer but also provide a large number of active sites at the edge
sites and base planes of hydrogen production. Under simulated
light irradiation, PCN NS was excited, and the electrons and holes
were then generated.

4 Conclusions

In summary, we have demonstrated a new method for the
synthesis of 2D PCN thin sheets, which are characterized by the
large accessible surface, plentiful pores, and N defects. The PCN
NS can combine with a few-layered MoS, by a PEI coupling
method. The few-layered MoS, has abundant edge active sites, and
its intimate combination with porous PCN NS is favorable for the
faster transfer and effective separation of the electrons, being
responsible for the enhanced photocatalytic activity. The tests
showed the excellent photocatalytic activity of the MoS,/PCN
NS (P) with the high hydrogen production activity of
4,270.8 pmolh™g™ under the simulated sunlight condition, which
was 7.9 times of the corresponding MoS,/BCN(P) and 12.7
times of the 1 wt.% Pt/BCN. This work not only provides a new
strategy toward 2D PCN thin sheets, but also shows the advantage
of constructing intimate 2D-2D MoS,/g-C;N, heterojunction for
efficient catalysis.
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