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ABSTRACT: Carbon nitride sheets (CNs) down to the two-dimensional (2D)
limit have been widely used in photoelectric conversion due to their inherent band
gap and extremely short charge-carrier diffusion distance. However, the utilization
of visible light remains low due to the rapid recombination of photogenerated
electron—hole pairs and enlarged band gap. Here, atomically thin 2D/2D van der
Waals heterojunctions (vdWHs) of N-superdoped graphene (NG) and CNs
(CNs/NG) are fabricated via a facile electrostatic self-assembly method. Our
results revealed that the vdWHs can increase the visible-light absorption of CNs by
extending the absorption edge from 455 to up to 490 nm. The recombination of
photogenerated electron—hole pairs is inhibited because superdoped N in CNs/
NG facilitates the transmission of photogenerated carriers in the melon chain. This
study opens a new avenue for narrowing the band gap and promoting photoexcited
carrier separation in carbon-nitride-based materials.

1. INTRODUCTION Especially, combining CNs and graphene presents an ideal
framework for constructing van der Waals 2D/2D hetero-
structures. The utilization of 2D materials has been extensively
explored in photocatalysis due to their expansive surface area,
numerous surface reaction sites, and exceptionally high
intrinsic carrier mobility.”"** A crucial advantage lies in the
m—n stacking interaction that allows for intimate hetero-
interfaces between carbonaceous materials when they are
closely connected. This results in enhanced carrier mobility
and transparency without strict reguirements on lattice
matching or electrical properties.””** Atomically thin 2D

Solar-driven photoelectric conversion is a promising solution
to the storage and conversion of renewable and clean energy
sources. As a type of metal-free semiconductor, atomically thin
two-dimensional (2D) carbon nitride sheets (CNs) with an
intrinsic energy band structure and high chemical stability have
attracted increasing attention in the field of solar energy
conversion.'~” 2D CNs have a suitable energy band structure
and an extended lifetime of photoexcited electron—hole pairs,
which improve electron transport properties, and have been
widely used in photoelectric reactions.'’”"* However, the
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between two semiconductors or between a semiconductor and
a conductor. At the interface of heterojunctions, the separated
charges suppress the recombination of photocarriers, allowing
photodetection with higher responsivity, quantum efhiciency,
and photogain.”” Carbon-based materials have received
extensive attention in the fields of physics, chemistry, and
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materials science due to their long spin relaxation times.
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N-doped graphene quantum dots and graphitic carbon nitride
quantum dots, which can emit white-like light with ultrahigh
power-conversion efﬁciency.20 However, high-temperature
thermal polymerization, hydrothermal pathways, and hydrogen
reduction are common approaches used for the synthesis of
nitrogen-defective CNs, which have inherent limitations and
afford limited control over the type and abundance of nitrogen
defect they may introduce.”” It is difficult for 2D graphene to
reach a high edge ratio like quantum dots, so the doping level
is far from quantum dots. Fortunately, we have shown that
graphene can be superdoped with N (NG) via fluorination,
followed by thermal defluorination in ammonia. NG has both a
high electrical conductivity and more active centers of
adsorption and catalysis. Due to the instability of fluorinated
graphene at high temperatures, thermal defluorination after
fluorination will produce a high concentration of vacancies in
the graphene lattice, which will stimulate high levels of N
doping up to 20%.**

Based on these considerations, we report here the synthesis
of CNs and NG van der Waals heterojunctions (CNs/NG
vdWHs). Herein, the vdWHs were self-assembled from the
atomically thin CNs and the NG nanosheets, and the N-
doping level can reach up to 18.4 atom %. The results revealed
that the vdWHs can enhance the visible-light absorption edge
of CNs from 455 to 490 nm, thus increasing the absorption of
visible light of CNs. Experimental characterization combined
with density functional theory calculations showed that the
construction of CNs/NG heterojunction can effectively extend
the visible-light absorption ranges of CNs, which leads to
heterojunctions with an excellent performance in photo-
catalytic water splitting and H, reduction under visible-light
irradiation.

2. EXPERIMENTAL SECTION
2.1. Preparation of 2D CNs. Urea (Aladdin, 99.999%)

was placed in a crucible, covered with ceramic, and wrapped in
aluminum foil to avoid the complete decomposition and rapid
evaporation of urea during the subsequent heating. Then, it
was transferred to a muffle furnace and kept at 550 °C in air for
3 h. After that, it was naturally cooled to room temperature to
obtain the light yellow polymer CN. The polymer CN was
collected and ground into a powder in a mortar. Lastly, 100 mg
of the ground polymer CN was placed in an open ceramic
container (12 cm X 6 cm X 1 cm) and heated at 500 °C for 2 h
at a heating rate of S °C min™" in a tubular furnace. Finally, 2D
CNs were obtained.

2.2. Preparation of NG. NG was synthesized by
fluorination of gra?hene, followed by thermal annealing in
NH; at 800 °C."”’ Herein, graphene was obtained by Ar
annealing of graphene oxide (GO) at 700 °C. GO was
prepared by the Hummer’s method. The fluorinated graphene
(FG) samples were obtained by annealing the mixture of
graphene and XeF, in a Teflon container at 200 °C for 28 h in
Ar. Finally, the FG samples were spread on a quartz boat that
was placed in a quartz tube reactor (1.0 m in length) in a
tubular furnace (0.4 m in length). NG was obtained, followed
by NHj; annealing of FG at 800 °C.

2.3. Construction of 2D/2D CNs/NG van der Waals
Heterojunctions. In order to construct the 2D/2D CNs/NG
van der Waals heterojunction, an electrostatic adsorption
method was adopted. First, 2 mL of hydrochloric acid was
added to 200 mL of deionized water to adjust the pH to 4.
Then, the surface of the CNs needs to be positively charged.
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Specifically, 150 mg of 2D carbon nitride powder was added to
the above solution and stirred at room temperature for 10 h.
Subsequently, 20 mL of deionized water was used to disperse
the NG powder, followed by sonication for 2 h. The dispersed
NG was added to the CNs suspension and stirred vigorously
for 24 h to establish electrostatic adsorption between CNs and
NG. The dispersion obtained through the above steps was
washed by centrifugation until it became neutral and then
freeze-dried to remove moisture to obtain the CNs/NG van
der Waals heterojunction. According to the mass ratio of NG/
CNs, the samples were named CNs/NG-x (x = 1, 3, and S).

2.4. Microstructure Characterization. The structure was
examined using a transmission electron microscope (TEM, FEI
Tecnai-F20). X-ray photoelectron spectroscopy (XPS) meas-
urements were conducted on a Thermo Scientific K-Alpha
spectrometer with 200 W monochromated Al Ko radiation.
The optical absorption spectra were recorded using a ultra—
visible absorption spectroscopy (UV—vis) spectrophotometer
(Jasco V770) in diffuse reflectance mode. Photoluminescence
(PL) emission spectra were measured at room temperature
with a fluorescence spectrophotometer (Princeton Instru-
ments, Acton SP2500) with excitation wavelengths of 375 and
405 nm.

2.5. Photocatalytic Activity Measurement. For photo-
catalytic water-splitting hydrogen production, the photo-
catalyst was dispersed in a sodium sulfite aqueous solution
with 20 wt % concentration to provide electrons. The solution
was then sealed under argon gas exhaust for 1 h and
subsequently ultrasonicated. Ultrasonic vibration at a fre-
quency of 40 kHz was employed during the photocatalytic
catalysis experiment. A reaction vessel with a volume of 100
mL contained a rhodamine B (RhB) solution at a
concentration of 20 mg/L, followed by the addition of the
photocatalytic catalyst sample weighing 20 mg. In blank
experiments, an adsorption—desorption equilibrium period of
30 min was allowed. Visible-light irradiation tests were
performed using a xenon lamp with wavelengths greater than
420 nm, while simultaneous operation of an ultrasonic
generator took place for measurement intervals of every 15
min throughout the reaction process. The temperature
remained constant at 20 °C during the reaction.

2.6. Computational Details. The Vienna Ab initio
Simulation Package (VASP)*™* was utilized to perform
density functional theory (DFT) calculations. The ex-
change—correlation potential was calculated using the
generalized gradient approximation (GGA) and Perdew—
Burke—Ernzerhof (PBE) functional.*® Plane waves were used
to expand the wave functions with a kinetic energy cutoff of
600 eV. To eliminate any interaction resulting from the
periodicity of the lattice structure, a vacuum space larger than
15 A perpendicular to the heterostructures was implemented in
all simulations. For atomic position optimization, a k-point
mesh of (5 X § X 1) was applied, while for density of states
(DOS) calculation of CNs/NG vdWHs, a k-point mesh of (7
X 7 X 1) was chosen. In order to account for van der Waals
interactions exclusive in DFT calculations, the DFT-D3*’
method was incorporated. All of the atoms in the models
underwent unconstrained relaxation until convergence criteria
for force (—0.01 eV A™") and total energy change between two
ionic relaxation steps (1 X 10~® eV/atom).
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Figure 2. (a) High-resolution C 1s XPS spectra of CNs, NG, and CNs/NG-S. (b) High-resolution N 1s XPS spectra of CNs, NG, and CNs/NG-S.
(c) Schematic structures of CNs, NG, and CNs/NG. The gray, blue, and white circles, respectively, represent the carbon, nitrogen, and hydrogen

atoms.

3. RESULTS AND DISCUSSION

The morphology and microstructure of CNs, NG, and CNs/
NG were investigated by TEM. As shown, the lateral sizes of
CNs and NG are a few micrometers, and the CNs flakes
exhibit typically 2D wrinkles (Figure 1a,b). Shown in Figure 1c
is the TEM image of CNs/NG; it is found that the boundary of
CNs and NG in 2D/2D vdWHs can be clearly observed. To
further confirm that the heterostructure is composed of CNs
and NG, energy-dispersive spectroscopy (EDS) mapping
images were recorded (Figure 1d,e). The N-rich regions are
CNs, which is consistent with the observation of the
morphology. These results indicate that the CNs/NG
heterostructure was successfully constructed.

To investigate the variation in the chemical environment
during the formation of the vdWHs, XPS measurements were
performed to characterize samples further. Based on the XPS
results (Figure S1 and Table S1), we calculated that the N-
doping level is as high as 18.4 atom % for NG. It can be
observed that the C/N atomic ratio increases from 0.87 to 1.00
in CNs/NG-3, primarily due to the formation of vdWHs
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between CNs and NG. Additionally, the presence of low-
content oxygen in CNs/NG (O/C ~ 3 atom %, Supporting
Information, Table S1) is generally considered to be negligible.
The finely scanned C 1s spectra of CNs, NG, and CNs/NG-3
are shown in Figure 2a. For CNs, the spectrum can be divided
into two subpeaks representing C—C at 284.5 eV and N=C—
N at 288.0 eV." On the other hand, the C 1s spectrum can be
deconvoluted into three subpeaks of C—C at 284.5 eV, C—N
at 286.1 eV, and C=N at 288.0 eV for NG. After the
formation of the vdWHs, a new peak appears as C—N at 286.1
eV which belongs to NG.” Furthermore, we analyzed and
deconvoluted the fine-scanned N 1s XPS spectra of NG into
three components located around ~398.1, 399.6, and 401.0 eV
(Figure 2b), which corresponded to the N-6, N-5, and N-Q
complexes, respectively. Notably, the ratio of N-6/N-5 is ~2,
suggesting that the majority of configurations consist of two N-
6 atoms and one N-5 atom, accompanied by a few
configurations of N-Q atoms in our NG samples, similar to
previous work.*”*" Shown in Figure 2c is the schematic
illustration of the CNs, NG, and CNs/NG. The N 1s spectra
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Figure 3. Optical performances of CNs and CNs/NG: (a) UV—visible absorption spectroscopy (UV—vis) spectra. (b) Plots of the transformed
Kubelka—Munk function versus light energy. (c) PL emission spectra excited at 40S nm. (d) Time-resolved fluorescence decay spectra.

of CNs can be deconvoluted into three subpeaks of C=N-C
at 398.5 eV, NC; at 399.8 eV, and NH, at 400.9 eV. Compared
with CNs, the peak of CNs/NG-3 has a blue shift and is
deconvoluted to four components located at ~398.4, 399.6,
400.6, and 401 eV, which suggests that an interaction exists
between CNs and NG. The subpeak area ratios of CNs/NG-1,
CNs/NG-3, and CNs/NG-5 are shown in Figure S2 and
Tables S2 and S3, which are consistent with the mass ratio of
NG/CNs. All of the above analyses clearly indicate that the
vdWHs have been successfully synthesized.

The optical properties of CNs, NG, and CNs/NG were
examined by UV—vis absorption spectroscopy. Figure 3a
shows that (i) CNs have an absorption edge of 459 nm,
corresponding to a band gap of 2.87 eV (Figure 3b), while (ii)
NG has no detectable band gap; and (iii) CNs/NG shows red-
shifted absorption edges, indicating that constructing vdWHs
effectively expands the visible-light absorption ranges of CNs
and the constructed vdWHs possess narrow band gaps ranging
from 2.87 to 2.7 eV. Furthermore, the absorption intensity of
vdWHs was found to be higher compared to CNs, indicating
that the presence of NG enhanced the light absorption
capability of CNs.”" Additionally, we analyzed the separation
and recombination properties of photoexcited carriers by using
room-temperature PL spectra. The results in Figure 3¢ showed
that (i) the emission peak of CNs appeared at 468 nm when
excited at 405 nm and (ii) after the establishment of the
vdWHs, the position of the peak remained unchanged.
Compared with CN, the emission intensity of CNs/NG-1
shows only a slight change because the mass ratio of CN and
NG in CNs/NG-1 is only 1%. However, it should be noted
that CNs/NG-5 exhibited a lower emission peak intensity than
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CNs, suggesting that superdoped N effectively suppressed
carrier recombination upon constructing the heterojunction.
The broad width and subgap energies observed in these spectra
are likely attributed to midgap states generated by defects in
NG.*”>’ The separation/recombination properties of photo-
generated electron—hole pairs were investigated via steady-
state and time-resolved PL spectroscopy. The average lifetime
is 9.07 ns for CNs and 10.5 ns for CNs/NG-§ (Figure 3d and
Table S4), implying that the latter has a much longer
photogenerated carrier lifetime than the former. Shown in
Figure S3 are the PL emission spectra excited at 375 nm and
steady-state/time-resolved PL spectroscopy, both of which
exhibit a similar emission trend. Therefore, one can make a
reasonable conclusion that the formation of vdWHs results in
an extended visible-light absorption edge and suppressed
photogenerated carrier recombination, which benefits the
photoelectric reaction. Furthermore, the photocatalytic activity
of vdWHs was shown in Figure S4 and the hydrogen
production rate obviously increased after NG loading.

In order to determine the effect of vdWHs on reducing band
gap and enhancing visible-light absorption efficiency, we
conducted first-principles calculations on the electrical
structures of CNs/NG. It is widely established that the direct
band gap for point I" in CNs is 2.51 eV, as shown in Figure 4a.
In Figure 4b, one can find that valence band (VB) states
mainly originate from N p, and N p, orbitals in CNs, while
conduction band (CB) states primarily arise from N pz and C
pz orbitals. By contrast, vdWHs displayed indirect band gap
decreases to 0.10 eV, as shown in Figure 4c,d. In addition, the
C p, N p,, and N p, orbitals contribute to the VB states, while
CB states are primarily derived from C p, orbitals. This result
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Figure 4. (a) Optimized structures of CNs. (b) Electronic band structures and density of states of CNs. (c) Optimized structures of vdWHs. (d)
Electronic band structures and density of states of vdWHs. (e) Top view of the differential charge density map of the vdWHs. Gray, blue, and white
circles represent the carbon, nitrogen, and hydrogen atoms, respectively. Cyan, green, and orange circles denote the N adatoms of N-6, N-5, and N-
Q, respectively. The isosurface value is 0.0005 e A~. Yellow represents electron aggregation, and blue represents electron dissipation.

is consistent with the experimental results that superdoped N
in CNs/NG narrowed the band gap compared to CNs. The
calculated differential charge density map for the CNs/NG
vdWHs is shown in Figure 4e in which yellow areas indicate
electron accumulation, while blue areas indicate electron
depletion. The elliptical area indicated by the red dashed line
clearly demonstrates electron donation from CNs to NG and
electron gain by NG at their interface. This observation
confirms the effective electronic coupling between them. As a
result, it can be concluded based on both experimental findings
and theoretical calculations that electronic coupling is
effectively established in the 2D CNs/NG vdWHs.

4. CONCLUSIONS

In summary, we highlight an effective strategy to construct a
van der Waals heterojunction of 2D/2D CNs and N-
superdoped NG by electrostatic self-assembly. Experimental
characterizations verified that the heterostructure expanded the
visible-light absorption range of CNs and suppressed the
recombination of photon-generated carriers in the melon chain
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due to the N-superdoping. As a result, the heterojunction
exhibited a significantly higher H, generation rate compared to
CNs. This study offers both experimental and theoretical
guidance for modifying electronic structures in other wide-
band-gap 2D semiconductors to design other functional
materials.
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