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Carbon nitride (CN) photocatalysts have attracted much attention due to their excellent photocatalytic
properties. And hydrothermal fluorination is a common method to improve the photocatalytic effect of
CN photocatalyst. Here, the influence of the band gap was first revealed of fluorination and hydroxylation
of CN photocatalyst based on the first theoretical principle. Here, the effect of fluorination and
hydroxylation on the CN band gap was discussed for the first time using the first theoretical principle.
With F atoms and OH doping, the band gap of CN was significantly improved, conduction band and
valence band moved up. Then, F—CN photocatalyst with Fatoms and OH was successfully synthesized by
a hydrothermal fluorinated method. Next, the reasons why F—CN photocatalyst was more effective than
that of traditional CN photocatalyst were fully discussed. From the photocatalytic effect of photocatalyst
(12,5932 pmolg 'h™! to the morphology (super-small nanosheets), structure (homojunctions),
composition (metal-free), specific surface area (54.1 m?/g), visible light absorption response (AQE is
10.9% at 420 nm) and photo-induced carrier life (14.13 ns). Therefore, this work has a great guiding effect
on the development of CN photocatalyst.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Metal-free carbon nitride (CN) photocatalyst has attracted wide
attention of researchers because of its non-toxic, good visible light
response and excellent catalytic effect [1-7]. To further optimize
its photocatalytic effect, scientists have done a lot of research
work: Some carbon nitride materials started by adjusting the ratio
of carbon and nitrogen elements to increase the catalytic efficiency
[8-12]. For example, Li et al. synthesized high efficiency CN
photocatalyst with different carbon and nitrogen ratios [8]; or by
controlling the carbon nitride morphology to increase the specific
surface area (active point) of the materials [13-17], such as Huang
et al. prepared porous carbon nitride materials with a simple
method, which successfully improved the photocatalytic efficiency
of CN materials [13]; some of work started from elements doped to
adjust the band gap of CN [18-22]. For example, Thaweesak et al.
successfully synthesized boron doped CN materials to improve
photocatalytic activity [18]. For another example, Sun et al
successfully doped oxygen elements into graphene phase CN,
greatly improving the performance of photocatalytic hydrogen
production [19]; again, such as Lan et al. successfully doped
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bromine into CN heterojunctions were constructed to improve the
catalytic effect of photocatalysts and even achieve the overall
water splitting [23-28]. Such as Liu et al. combined V,0s5 with CN
into a heterojunction structure, effectively improving the efficien-
cy of photocatalytic hydrogen and oxygen production [23]; besides,
the adding chemical groups on the surface of two-dimensional
(2D) CN material was also an effective method to improve the
photocatalytic efficiency [29-31]. For example, Nguyen et al
introduced hydroxyl groups into g-C3N4 which achieved the
improvement of photocatalytic hydrogen production efficiency
[30]. In conclusion, these methods have effectively improved the
photocatalytic effect of CN photocatalysts.

To date, researchers have found that the doping of non-metallic
halogen elements could significantly increase the hydrogen
production effect of CN photocatalysts [32-36], for example: Igbal
et al. doped iodide ions in the CN nanosheets, which increased the
efficiency of photocatalytic hydrogen production to 6.5 times that
of raw materials [32]; again, such as Lan et al. have successfully
doped bromine into CN [33]. Those doping methods were very
good to maintain metal-free character. At the same time, CN
photocatalysts doped with halogen elements could also be better
combined with other semiconductor photocatalysts, so as to
further improve the photohydrogen production efficiency [37,38],
such as Zhou et al. synthesized a CN material with sponge structure
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by using ammonium chloride precursor and melamine, and then
combined this material with molybdenum disulphide to improve
the material's electro-optical response characteristics [37]. So, the
basic research on the modification of CN by halogen elements
played a role in promoting its application.

In recent years, we have also designed modification of CN
photocatalyst. First, in 2018, we discovered for the first time that
2D organic CN of several atomic layers thickness could be
prepared by simple water heat treatment [39]. The effect of
roasting temperature on the morphology of CN was studied and
found that this preparation method could optimize the photo-
catalytic efficiency of CN. It has an exceptionally good application
prospect for its subsequent morphology control, doping and
heterogeneous structural design. Then, in 2020, we designed a CN
photocatalyst containing P/N junction, which not only greatly
improved the photocatalytic hydrogen production efficiency, but
also had a good effect of overall water splitting [40]. In the process
of accumulating a large number of literatures, experimental
operation and data analysis in the early stage, we found that the
hydrogen production effect of CN photocatalyst modified by
hydrothermal fluorinated method was better than that of pure CN
photocatalyst, so we carried out the following theoretical
simulation calculation, experimental verification, data analysis
and other work.

In this work, the first theoretical principle was used to calculate
and analyze the fluorination and hydroxylation of g-C3N,4. The band
gap of the photocatalyst will widen by doping of a small number of
fluorine ions. And the doping of a certain hydroxyl groups can
move the valence band up of the photocatalyst (or say generate a
shallow energy level in the band gap). The existence of shallow
energy level enables it to produce more photoelectrons and holes
under the same illumination energy, thus improving the photo-
catalytic effect of CN photocatalyst. Based on the theoretical
analysis, layered CN was fluorinated by hydrothermal method (we
did not obtain a large size CN nanosheets, but a smaller size CN
sheet, and its photocatalytic effect was better than that of layered
CN). Next, we analyzed its structure and photoelectric response,
and the reaction mechanism of photocatalytic was also discussed.
Therefore, the study of this work provided a reasonable theoretical
support for explaining why the hydrothermal fluorinated method
can improve photocatalytic activity of CN.

Here, we have successfully synthesized F—CN with the
following reagents and experimental methods: Analytical-grade
melamine, alcohol, ammonium fluoride, triethanolamine and
chloroplatinic acid were purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai). All reagents were used as received.
Firstly, 5g melamine as the raw material, which was first heat
treated by hydrothermal synthesis at 180 °C for 24 h, filtered and
dried [39,40]. And the layered CN was transferred into a tubular
furnace under the protection of high purity argon at 550 °C for O h
[39]. Then, the lamellar CN was treated with ammonium fluoride
180 °C for 24h, then filtered and dried, F—CN would be
synthesized. And the bulk melamine raw material was directly
treated for 2 h in air at 550 °C in contrast experiment [39].

Hydrogen evolution reaction measurement: The photocatalytic
reactions were carried out in a Pyrex reaction cell connected to a
closes gas circulation an evacuation system: 0.05 g catalyst (1% Pt)
was dispersed in 100 mL aqueous solution containing 20 mL
triethanolamine as sacrificial agent. Then the suspension be
thoroughly degassed and irradiated by a Xe lamp (300W)
equipped with an optical cut off filter (A > 420 nm) to eliminate
ultraviolet light. The temperature of the reactant solution was
maintained at 279 K by flowing cooling water during the reaction.

The amount of H, produced was analysed using an online gas
chromatography. The activities of different catalysts were com-
pared using the average rate of H, evolution in the first 7 h. The

apparent quantum efficiency (AQE) was also measured in similar
conditions by using the following typical equation (Eq. 1) [40]:

2 x amount of hydrogen molecules evolved

AQE =
Q number of incident photons

x100% (1)

Photoelectrochemical (PEC) activity measurements: PEC test
systems contained a CHI760E workstation (Shanghai Chenhua,
China) with a three-electrode configuration using the prepared
samples as the working electrodes, a Pt plate as the counter
electrode, Ag/AgCl as the reference electrode and a 300 W Xe lamp
equipped with an optical cut off filter (A > 420 nm) as the light
source. NaySO4 aqueous solution (0.5 mol/L) was used as the
electrolyte. The working electrodes were prepared as follows:
10 mg the as-prepared CN were dispersed in absolute ethanol and
the suspension was directly deposited onto an FTO conductive
glass plate and then dried at 80 °C in a vacuum oven [40].

Scanning electron microscope (SEM) was performed with a
Hitachi S-4800 SEM. X-ray diffraction (XRD) patterns of the
samples were recorded on a Bruker D8 Advance powder X-ray
diffractometer using Cu Ka (A =0.15406 nm) radiation. Fourier
transform infrared spectroscopy (FTIR) spectrum was carried out
with a Thermo-Nicolet Nexus 670 infrared spectrometer. UV-vis
diffuse reflectance spectra of the samples were recorded on a
Shimadzu UV-2550 spectrophotometer within a wavelength range
of 300-800 nm. The photoluminescence spectra of the photo-
catalysts were detected using an Edinburgh FLS920 spectrometer.
X-ray photoelectron measurements were carried out using a
monochromatized X-ray photoelectron spectroscopy (XPS) spec-
trometer (a Thermo Fisher ESCALAB 250) with Al (Ke) radiation as
the probe and a 500-mm analysis spot size. The base chamber
pressure was 2 x 107 mbar.

The theoretical calculations were performed based on the
plane-wave spin-polarized density functional theory (DFT) as
implemented in the Vienna Ab-initio Simulation Package (VASP).
The exchange-correlation energy functions based on generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) was used. The energy cut-off for the plane-wave basis set
was 500 eV, and the k-point is set to be 4 x 4 x 1. The convergence
for the energy and the force were set to be 107> eV and 0.03 eV/A,
respectively. To obtain the reliable band gap, the band structures
were calculated by using the HSEO6 functional.

First, g-C3N4 was chosen as the research object of modeling
calculation because it was a typical CN material [41-46]. As shown
in Fig. 1, the first theoretical principle was used to calculate and
analyze g-C3Ny, fluorination and hydroxylation of g-C3N4. Fig. S1a

(a) g-CaN,

(b) F-doping g-C;N, (c) OH-doping g-C;N,
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Fig. 1. (a-c) Molecular structure modeling diagrams (above) and electronic band
structures diagrams (below).
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(Supporting information) showed a typical g-C3N,4 structure with
valence band around 0 eV and conduction band around 2.97 eV,
that is, the band gap was about 2.97 eV. With F atoms doping, the
band gap of g-CsN4; was enhanced from 2.97 eV to 3.37eV,
conduction band moved up and the valence band maximum was
increased from 0 to 0.09 eV in Fig. S1b (Supporting information).
And doped OH into g-C3N4 in Fig. 1¢, its valence band has moved up
very significantly from O to 0.126 eV, conduction band also moved
up and the band gap reached about 3.33 eV. Based on the above
calculation, it can be concluded that fluorination and hydroxyl-
ation of CN can make the valence band and conduction band move
up and widen the band gap of photocatalyst. All these changes are
beneficial to hydrogen production effect of CN photocatalyst. Based
on this, we carried out a series of experiments and analysis: As
shown in Fig. 2, layered CN organic precursors could be prepared
by heat treating ordinary melamine raw materials with hydro-
thermal method. Then, under the protection of nitrogen, it was
quenched at 550 °C to obtain a layered CN. The lamellar CN was
then treated with ammonium fluoride 180 °C for 24 h to obtain the
small lamellar CN nanosheets. With the help of co-catalyst
(chloroplatinic acid) and sacrificial agent (triethanolamine), a
large amount of hydrogen was produced by water-splitting under
simulated visible light [47-51].

Fig. S1 (Supporting information) was the SEM of the prepared
layered CN nanosheets. The layered structure of CN was clearly
shown in Figs. S1a and b, and the local self-curling phenomenon
was due to electrostatic effect of the layered CN. Due to the
incorporation of fluorine atoms or hydroxyl groups, the layered CN
was cut and corroded into many interconnected CN nanosheets
(labeled F—CN) in Figs. S1c and d [52-54]. In this way, the cut and
corroded CN edges and faces would be doped in F atoms and OH
groups, while the material itself was still CN.

The XRD and infrared spectroscopy (IR) characterization of the
photocatalyst before and after fluorination and hydroxylation were
shown in Fig. S2 (Supporting information). The crystal structure of
the layered and F—CN nanosheets were recorded by XRD in
Fig. S2a. The crystallization property of the CN was very good,
especially after the fluoridation of CN (JCPDS No. 50-0664) [55,56].
The width of the half peak of F—CN became narrower and the peak
became sharper at 27.6°, which was also a typical phenomenon
(002) peak of nanosheets. But the weak interplanar structural
packing peak (001) of CN slight shifted after fluorination and
hydroxylation. This was due to changes in the CN interlayer forces
caused by the insertion of fluorine atoms and OH groups [57]. At
the same time, the chemical structure of CNs was characterized by
infrared test in Fig. S2b, and C—F bond existed near 1198 cm ™. It is
proved that fluorine atoms enter the molecular structure of CN.
The doped of fluorine also caused a change in the absorption peak
~1400-1600cm™~! (sp?> C=N and sp> C—N bonds) [58]. The
absorption peak of 3200 cm ™! was belong to N—H band stretching
vibration in layered CN, but multiple stretching vibration peaks of
0—H appeared in F—CN (~3050-3600 cm ') due to hydrothermal

< Calcined - Mydrothenmal
h ‘h

’ 550=C0h “ 200+C 24 h

. Melamine
* NH,F
b 2 ‘Jl:
Chloroplatinic acid Tricthanolamine
s g, s i
-

Fig. 2. Experimental process diagram of CN photocatalyst.

reactions [59]. This suggested that the hydrothermal process also
hydroxylated CN while fluorinating them.

The chemical states and surface elements of photocatalysts
were characterized by XPS in Fig. S3 (Supporting information). The
XPS spectrum showed that carbon and nitrogen were the main
elements in both CN materials. Compared with Figs. S3aand b, F 1s
peak of F—CN was obvious in Fig. S3b, and the intensity of N 1s
peak and C 1s peak did not change significantly. It was worth
noting that the intensity of oxygen peak was significantly
enhanced after hydrothermal treatment, this was because the
oxygen-free roasted CN contains many broken bonds of carbon,
and during the hydrothermal reaction with water, the CN was
hydroxylated. So, there'sa C—O peak at 288.5 eV in Fig. S3f[60,61].
Comparison between Figs. S3e and h, at 678-692 eV, there were an
obvious F 1s peak appeared in this interval after fluorination,
indicating that the layered CN were also successfully fluorinated.

Hydrogen production tests of CN photocatalysts under visible
light were shown in Fig. 3a, in the same experiment, the average
efficiency of photocatalytic hydrogen production of F—CN reached
a staggering 12,593.2 wmol/hg. This is significantly higher than
those of layered CN (5257.3 pmol/hg) and g-C3N,4 (441.1 wmol/hg).
In order to evaluate the durability of F—CN in this work, we
conducted a 70-h cycle hydrogen production tests for the
photocatalyst in Fig. 3b. The photocatalytic activity of the
photocatalytic material showed no obvious decline during 70-h
cycle.

By comparing the typical nitrogen adsorption-desorption
isotherms of the CN photocatalysts before and after fluorination
and hydroxylation (Figs. S4a and b in Supporting information), we
found that the specific surface area of the F—CN material was as
high as 54.1 m?/g, which was twice higher than the previous
specific surface area (layered CN) of 27.1 m?/g. With the specific
surface area increasing, the number of active sites of F—CN
materials also increased significantly compared with that of
layered CN [62,63]. UV-diffuse reflectance spectra of different CN
photocatalysts were showed in Fig. S4c (Supporting information).
By comparing the two absorption spectra, the band edge of the
F—CN photocatalyst was about 450 nm, which was approximate
for the value (before reaction). However, because of the fluorina-
tion and hydroxylation, F—CN photocatalyst had a blue shift in the
absorption spectrum [47]. The AQE of the F—CN photocatalytic
materials at 420nm and 475nm reached 10.9% and 2.9%,
respectively. Corresponding the values of layered CN photo-
catalysts before reaction were 7.1% (420 nm) and 1.8% (475 nm) in
Fig. S4d (Supporting information). This indicated that AQE of the
CN materials was greatly improved after fluorination and
hydroxylation.

The photoelectron-hole pairs separation of CN photocatalysts
were measured by measuring the photocurrent response curve,
and the transient photocurrent response of different CN photo-
catalysts were recorded during the on-off cycles of illumination in
Fig. S5a (Supporting information). When the device simulating
solar illumination was turned on, as shown in the chart, the
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Fig. 3. (a) Hydrogen production of g-C3N4, F—CN and layered CN; (b) Hydrogen
evolution cycle curve of F—CN photocatalyst.
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Fig. 4. Photocatalytic schematic diagrams of layered CN (a) and (b) F—CN photocatalysts.

photocurrent increased sharply. When the device was turned off,
the photocurrent quickly returned to the dark current state. The
photocurrent was stable and repeatable in these on-off irradiation
cycles. As shown in Fig. S5a, F—CN photocatalyst showed excellent
photocurrent response characteristics. By testing the photo-
luminescence spectra of F—CN, layered CN and g-CsN4 photo-
catalysts in Fig. S5b (Supporting information), we found that the
recombination of electron and hole of F—CN was delayed due to its
interface interaction (Super-small F—CN nanosheets). Meanwhile,
by measuring the ns-level time-resolved photoluminescence (PL)
spectra of layered CN and F—CN monitored at 450 nm under
420 nm excitation, it could be seen that the effective life of
photoelectron (F—CN) reached 14.13 ns, nearly double the effec-
tive life of layered CN (7.41 ns). So, both test results showed that the
photocarrier life of photocatalyst was enhanced after fluoridation
and hydroxylation of CN.

The band gap of CN photocatalysts were calculated by the Plot
of (AEphoton)?~Ephoton (Fig. S6a in Supporting information) from
the UV-vis diffuse reflectance spectra. By calculating the slope of
the image curve, the band gap width of layered CN materials was
2.842 eV, while the band gap width of F—CN materials was about
2.828 eV (the band gap between the two catalysts was close). The
broad-band gap of catalysts might have higher carrier mobility,
which had positive significance for the improvement of photo-
catalytic efficiency. The valence band maximum energies of the
two materials were shown in Fig. S6b (Supporting information),
F—CN and layered CN all had a valence band of 1.47 eV, but F—CN
also had a special valence band at 0.73eV [56-59]. This was
because the solid-layered CN through the hydrothermal fluorina-
tion process, the fluorination reaction was not complete. A portion
of layered CN was fluorinated, and a large portion was not
fluorinated, but hydroxylated. This conjecture was consistent with
the previous IR test results. The addition of OH groups can move
the valence band of CN up (or generate a shallow energy level in the
band gap of the photocatalyst) in Fig. S1c.

In terms of the transfer of photoinduced carriers, the EIS curves
(Fig. S7 in Supporting information) reveal that F—CN possesses
lower carrier transfer resistance than layered CN, as indicated by
the smallest semicircle diameter [64,65]. Besides, Mott-Schottky
analysis was performed to confirm the type of F—CN, from Fig. S8
(Supporting information), it was clearly showing a positive slope
for the n-type in the linear region of the plot [66,67]. Therefore,
this preparation method gives rise to the unique CN hetero-
structure.

The band structure of layered CN photocatalyst was a common
semiconductor structure (Fig. 4a), and the band gap had a span the
reduction potential of hydrogen production and the oxidation
potential of oxygen production. In the presence of sacrificial
agents, this band structure reflected the process of photocatalytic
hydrogen production under visible light irradiation in Fig. 4a. But
F—CN photocatalyst had a shallow energy level (0.73 eV) in the
band gap (Fig. 4b). This unique CN heterostructure ensures that the

photocatalyst can generate more photogenerated electrons and
holes under same light, which greatly improves the activity and
efficiency of CN photocatalyst.

In this work, in order to explain why the hydrothermal
fluorinated method can improve photocatalytic activity of CN.
This work has a great guiding effect on the development of CN
photocatalyst. Firstly, based on first theoretical principle, the
influence of the band gap was revealed of fluorination and
hydroxylation of CN photocatalyst: With F atoms and OH doping,
the band gap of CN was significantly improved, conduction band
and valence band moved up. Secondly, F—CN photocatalyst with F
atoms and OH was successfully synthesized by a clever design. And
then, the reasons why F—CN photocatalyst was more effective
than that of traditional CN photocatalyst were fully discussed:
From the photocatalytic effect of photocatalyst to the morphology,
structure, composition, specific surface area, visible light absorp-
tion response, photo-induced carrier life and so on. And obtained
the conclusion: Synthesized of F—CN photocatalyst had unique
heterostructure, high specific surface area, superior visible light
absorption response and photo-induced carrier life by hydrother-
mal fluorinated method.
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