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Preparation and Photocatalytic Properties under Visible Light Irradiation of Graphite-like
Carbon Nitride Nanosheets
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Abstract: Graphitic carbon nitride (g-C5N,) nanosheet was synthesized by a facile fabrication method. Melamine was treated by a
thermal polycondensation process. Pure g-C3;N,4 was treated by acid etching, heat etching and coupling with NH4Cl1. The crystalline
structure, morphology, specific surface area, band structure and visible absorption of the material were evaluated by X-ray diffraction,
scanning electron microscopy, transmission electron microscopy, Fourier transform infrared spectroscopy analysis, X-ray
photoelectron spectroscopy, Raman spectroscopy, specific surface area (BET analysis), ultraviolet visible diffuse reflection
spectroscopy and Mott-Schottky curve analysis, respectively. The photocatalytic activity was estimated by the degradation of
Rhodamine and tetracycline hydrochloride solution under visible light irradiation. The results show that a clear, ordered, 2D
nanosheet g-C;N, structure with a layer thickness of 47 nm is formed, and the maximum specific surface area is a maximum (22 m%/g)
when the mole ratio of melamine to NH,Cl is 5:4. The photocatalytic performance of bulk g-C;N, is enhanced after treatment. The
photocatalytic degradation rate of the sample treated with melamine and NH,CI at a ratio of 5:4 is 3.4 times greater than that of
untreated g-C;N,. The sample degrades 83.2% tetracycline hydrochloride solution for 4 h.
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photocatalysis has received great attention. This approach
directly converts solar energy to chemical energy or
mineralizes organic pollutants, which could be regarded
as a long-term solution to address global energy and
environmental problems. Nevertheless, the development
of efficient, sustainable and environmentally friendly
photocatalysts remains a significant challenge” .

Following the work of Fujishima et al. ®®, titanium
dioxide (TiO,) has become a conventional choice for
photocatalysts. However, its wide intrinsic band gap and
high recombination rate of photoexcited charge carriers
restricts the large-scale and practical exploitation of this
material® ", For example, the band gap of TiO, is
approximately 3.2 eV, indicating that this material can
only absorb ultra-violet (UV) light with wavelengths
shorter than 387 nm. In addition, the rapid recombination
of charge carriers reduces the lifetime of photogenerated
electrons and holes and restricts the light-induced redox
reaction. Graphitic carbon nitride (g-C3N,), which is a 2D
n-conjugated polymeric and metal-free semiconductor,
has emerged as an attractive candidate since the work of
Wang et al. ">, The mild band gap (2.7 V), excellent
chemical stability and unique microstructure endow
g-C;N, with outstanding photocatalytic performance.
However, the photocatalytic efficiency of bulk g-C;N, is
far from meeting the needs of practical application due to
the low specific surface area, which does not provide
enough reaction sites for the redox reaction. In this paper,
an exfoliation method was used in the treatment of
g-C;Ny to increase the specific surface area and enhance
the photocatalytic performance. Using Rhodamine B
(RhB) and tetracycline hydrochloride solution as
degrading targets, the photocatalytic properties of the
prepared 2D nanosheet g-C;N4 material were investigated
in this work.

2 Experimental

2.1 Synthesis of bulk g-C3;N4

Bulk g-C3N; was synthesized by thermal
polycondensation of melamine (Analytically pure,
Sinopharm Chemical Reagent Co., Ltd, China). In detail,
melamine powder (5 g) was placed in an alumina crucible
with a cover, heated to 550 °C at a heating rate of
2 °C/min and maintained for 3 h. After cooling to room
temperature, the resident yellow product was collected,
milled into powder, and named CN for further use.

2.2 Treatment of bulk g-C;N,4

Heat treatment: The CN powder was heated at 550 °C
for 3 h, and the obtained powder was named HCN.

NH4Cl (Analytically pure, Sinopharm Chemical
Reagent Co., Ltd, China) addition for synergetic
treatment: Different mass ratios from 1:5 to 5:5 of NH4Cl
and melamine were mixed well and placed into a crucible
with lid. Then, the samples were heated to 550 °C at a
heating rate of 2 °C/min and maintained for 3 h. The
prepared samples were named CNNI1, CNN2, CNN3,

CNN4, and CNNS5.

Acid treatment: CN (1 g) was dispersed in a mixture
solution of nitric acid (HNO;, 20 mL) and glacial acetic
acid (CH;COOH, 20 mL) for 2 h at room temperature.
Then, the obtained suspension was washed several times
with deionized water and dried at 70 °C. After cooling to
room temperature, the residual yellow product was
collected, milled into powder, and named ACN for
further use.

2.3 Photocatalytic experiment

The photocatalytic properties of the samples were
evaluated by degrading RhB in an aqueous medium
under simulated visible light irradiation. In a typical
procedure, as-prepared samples (0.01 g) were dispersed
in RhB dye solution (100 mL of 20 mg/L) and stirred in
the dark for 30min to reach adsorption/desorption
equilibrium between the catalysts and RhB dye. As a
cocatalyst, H,O, was added to the suspension, and then
the lamp was turned on (a 500 W xenon lamp with cut-off
filter was used to provide visible light with 2>400 nm).
The specified dispersions were pipetted at given time
intervals and centrifuged to remove the suspended
catalysts. Finally, the precipate was collected to measure
the residual dye concentration at 510 nm using a
ultra-violet visible (UV-vis) spectrophotometer. The
degradation efficiency 7 (%) of the RhB dye solution was
evaluated according to Eq. (1):

n=_(c,—c,)c,x100% (D)
where ¢y is the initial concentration of the RhB dye
solution (mg/L) and ¢, is the concentration of the dye at
time ¢ (mg/L).

2.4 Characterization

The X-ray diffraction (XRD) patterns of the crystal
phase were collected using an Empyrean diffractometer
(PANalytical B.V., Holland) with Cu K, radiation
(4=0.154 18 nm) in the 26 range of 10°-85°. The
microstructures of the samples were characterized by
scanning electron microscopy (SEM, FEI Verios 460,
Germany, operating at 20kV) and transmission electron
microscopy (TEM, HITACHI H-7650, Japan). The
UV-vis diffuse reflectance spectra of the samples were
obtained using a UV-vis spectrophotometer (Shimadzu
Corporation, UV-2450, Japan). A X-ray photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB Xi, USA)
was used to investigate the chemical composition of
g-C3N,. Raman spectra were collected on a micro-Raman
spectrometer (Renishaw inVia, England). Infrared (IR)
spectra were measured using a Nicolet Model Nexus
470FT-IR spectrometer (USA) with the pellet technique.
Additionally, Motto-Schottky curves were measured
using a three-electrode system on a CHI660E B17399
electrochemistry workstation (China).

3 Results and discussion

3.1 Characterization of the 2D g-C;N4 nanosheets
The crystal structures of bulk g-C;N, and g-C;N,4
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after treatment were examined by X-ray diffraction addition of NH4Cl will prevent homogeneous
(XRD), and the results are depicted in Fig. 1. The layer polycondensation so that an incomplete g-C;Ny

spacing was calculated according to Bragg’s law:

2dsin@ =ni )
where d, 6, and / are the layer spacing (nm), Bragg angle
(°) and wavelength (nm), respectively. There are two
distinct diffraction peaks at 26 values of 12.7° and 27.7°
that can be indexed as the (100) and (002) diffraction
planes for graphite-like carbon nitride materials (JCDPS
87-1526), indicating that the CN exhibits a flake-like
structure. The strong peak of CN at 27.7°, corresponding
to the (002) plane, is attributed to the interlayer stacking
of aromatic segments with a distance of
d(002=0.321 nm 7! The weak peak located at 12. 7° is
attributed to the in-plane structure packing motif of
tri-s-triazine units with an interplanar distance of
d(100)20.690 Ilm[17].

The diffraction angle shifts for the (002) plane and
the layer space changes in the (002) and (100) planes
with different contents of added NH4Cl are depicted in
Fig. 1c and Fig. 1d. The diffraction angle of the (002)
plane changed from 27.46° to 27.7°, according to the
XRD results. With changing NH,CI content, the layer
spacing of the (100) and (002) planes reached the
maximum value when the content ratio of NH4CI to
melamine was 5:4. The addition of NH,4Cl can produce
a more complete g-C3N; material by providing a
protective atmosphere and preventing the oxidation of
melamine during the polycondensation process. The
evaporation of NH,Cl exfoliated the bulk g-C;N, and
endowed it with better dispersion. However, excessive
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(a) XRD patterns of CN CNN4, HCN, ACN samples

structure will be obtained.

As shown in Fig. 1a and 1b, slight shifts and layer
space increases are observed for the (002) and (100)
planes, indicating that etching efficiently decreased the
interlayer Van der Waals forces and exfoliated the bulk
g-C;Ny. The largest layer spacing of the (100) plane was
observed for ACN; the spacing was greater than the
tri-s-triazine interplane distance (¢=0.672 nm) and that of
other treatments, which is due to the damage of the
tri-s-triazine  structure by acid. Applying coupling
treatment with a suitable content of NH,CI results in the
best exfoliation performance and a more complete
structure of g-C;N, than ACN.

Fig. 2 depicts the IR spectra of g-C;N,4 samples in
the wavenumber range of 500—4 000 cm'. The broad
peak of g-C5N, centered at 3081 cm ' was assigned to
N-H or N=H groups, which were attributed to
incomplete condensation®'”" Thus, radial hydrogen
atoms were bound to the edge of the g-C;N, sheet in the
form of CNH, and 2CNH bonds. The absorption bands in
the range of 1200-1 600 cm ' were due to the skeletal
stretching vibration modes of aromatic heterocycles,
including the typical sp* C=N stretching signals and
in-plane bending vibrations of sp> C-N bonds!"®. The
vibration peak at 810 cm ' was assigned to the
characteristic peak mode of tri-s-triazine™™’, in agreement
with the XRD results. The IR patterns in Fig. 2a and Fig.
2b indicate that no distinct changes were found for the
different g-C;N4 samples.
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Fig. 2 IR spectra of as-prepared samples

XPS analysis was performed to study the binding
energy of different elements under different bonding
conditions, as shown in Fig. 3. In Fig. 3a, two peaks are
located at 283.5 and 287.1¢eV. The peak at 283.5eV can
be caused by a carbon source from the outside
environment, unrelated to the samples. The peak at
287.1¢eV is attributed to the binding energy of carbon in
N=C-N bonds. In Fig. 3b, three peaks are located at
397.3, 398.6 and 402.9 eV. The strongest peak at
397.3 eV is attributed to the binding energy of nitrogen in
sp” hybrid orbitals (C=N—C bonds). The peak at 398.6 eV
is the binding energy of sp’-bonded N (N—(C;N;); and
HN—(C;5N3),). Finally, the binding energy at 402.9¢eV is
attributed to m-electronic delocalization, which is
attributed to CN heterocycles of g-C;N,.

Fig. 4 shows the Raman spectrum of the CNN4
sample. The characteristic peaks of the C—N extended
network at 707, 767, 1233 and 1312 cm ! are consistent
with the data in the literature for g-C;N,.

Typical SEM images of CN, ACN HCN, and CNN4
are presented in Fig. 5. Fig. 5a shows the large
agglomerates of CN. The coexistence of flakes and
particles, as shown in Fig. 5b, can result from acid
treatment. The acid treatment not only exfoliated the bulk
g-C3N, but also destroyed the crystal structure and led to

the appearance of this uneven morphology. After heat
etching, a clear, ordered, 2D nanosheet g-C;N4 material
was synthesized, as shown in Fig. 5c, suggesting that heat
treatment can efficiently exfoliate bulk g-C;N,4. Fig. 5d
exhibits a well-dispersed 2D nanosheet with a layer
thickness of 47 nm prepared by coupling treatment with
NH,CI. Fig. 6 shows a TEM image of the CNN4 sample.
It can be further observed that the g-C;N4 material is well
dispersed as 2D nanosheets.
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Fig.3 XPS spectra of CNN4 sample
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Fig. 4 Raman spectrum of the CNN4 sample



. 48 QeI NP

J Chin Ceram Soc, 2020, 48(1): 44-52 2020

(a) HCN

(b) CAN
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Fig. 5 SEM images of the samples

Fig. 6 TEM image of CNN4

The effect of etching on the BET surface area and
pore structure of the prepared samples was investigated
using absorption—desorption measurements. As shown in
Fig.7, the BET surface area of the samples gradually
increased with different etching treatments, from 8 m®/g
to 22 m%/g. Fig. 7a show the nitrogen absorption—
desorption isotherms (tested at standard temperature and
pressure) and the corresponding pore size distribution
curves (inset) for the as-prepared CNN4 samples.
According to the Brunauer-Deming-Deming-Teller
(BDDT) classification, the majority of physisorption
isotherms can be grouped into six types. Typically, CN,
CAN, HCN and CNN4 have isotherms of type IV,
indicating the presence of mesopores. The shape of the
hysteresis loop is that of type H3, suggesting the
interlayer stacking of nanosheet-like g-C;Ny4. This result
was further confirmed by the corresponding pore size
distribution. As shown in the inset of Fig. 7, the samples
have mesopores with a size of approximately 4 nm.
Consequently, etching treatment can efficiently decrease
the interlayer Van der Waals forces, increase the specific
surface area and obtain nanosheet g-C;N4. The high
specific surface area of g-C;N, can supply more active
sites and make charge carrier transport easier, leading to
an enhancement in the photocatalytic performance.

The light absorption ability of the as-prepared
samples was evaluated by UV-vis diffuse reflected
absorption spectra. The results are depicted in Fig. 8. The
Mott-Schottky (MS) curve of the CNN4 sample is
depicted in Fig. 9. The results exhibited good
photoabsorption performance in the visible light region.
For semiconductors, the band gap of the as-prepared
samples can be determined by Tauc’s relation®' >*);

a=—(hv-E,)" 3)
hv

where a is the absorption coefficient, 4v is the photon
energy, c is the solution concentration, E, is the optical
band gap and m is a constant. The band gap values of
CN, HCN, CNN4 and ACN calculated from Eq. (3) were
246, 2.46, 2.42 and 2.36 eV, respectively. The valence
band (VB) and conduction band (CB) edge potentials of
the samples were calculated according to the Mulliken
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electronegativity theory using the following equations
(Eq.(4)-Eq. (6))**"):
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Fig. 7 Nitrogen adsorption—desorption isotherms and
corresponding pore size distribution curves (inset)

of differently treated samples

Ey=X-E +05E, 4)
Eyy=E,—Egq %)
Xg—C3N4 =X XC3XN4 (6)

where X and E, denote the absolute electronegativity and
band gap, respectively. E; is the energy of free electrons
on the hydrogen scale (about 4.5 ¢V). The details of the
band structures of the as-prepared samples are shown in
Table 1.
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Fig. 8 UV-vis absorption spectra of CN, HCN, CNN4 and
CAN

C2x10°/F2
(o2}

4}k

b —139v

0 N A 4 1 1
14 -12 -1.0 -0.8 -0.6

Potential/V vs. Ag/AgCl

Fig. 9 Mott-Schottky curve of the CNN4 sample

Table 1 Band structures of different samples

Sample EygleV EcpleV EgeV Sper/(m*-g™)
CN 1.11 -1.35 2.46 8
ACN 1.16 -1.20 236 11
HCN 1.11 -1.35 2.46 18
CNN4 1.15 -1.39 2.42 22

The positive slopes of the linear MS plots reveal the
n-type semiconductor characteristics of the as-prepared
g-C3;N4. More importantly, the Ecp can be determined
from the x-intercept in the MS plot. For the CNN4
sample, the derived Ecp potential in aqueous solution is
—1.39 V versus Ag/AgCl electrode. These data are close
to the values in Table 1.

3.2 Photocatalytic
as-prepared samples
The photocatalytic activity was evaluated by the

performance of the
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degradation of an RhB solution under visible light
irradiation. For H,0, alone, little photocatalytic
degradation was observed, suggesting that H,O, only
participates in the redox action as a cocatalyst and has a
minor influence on the final photocatalytic results.
Hydroxyl radical produced by the photocatalytic
decomposition of water plays a major role in the
degradation of organic matter. In the process of
photocatalytic degradation, sometimes a few drops of
hydrogen peroxide can stimulate photocatalysis, which
can improve the catalytic efficiency, because it is much
easier to produce hydroxyl radicals by the degradation of
hydrogen peroxide than water. The degradation ratio of
bulk CN depicted in Fig. 10b was 46.9%/3h.
Furthermore, the photocatalytic kinetics followed a
pseudo-first-order process>, and the linear relationship
between In(co/c) and T is depicted in Fig. 10c and Fig.
10d. The rate constant of RhB photodegradation over CN
was 0.003 58 min'. Etching treatment had a crucial
influence on the photocatalytic activity of g-C;N,. After
heat etching, the activity of the HCN sample was
enhanced to 80.3%/3 h, possibly due to the morphology
change of bulk g-C;N4. Although HCN has the same
band structure as CN, heat etching significantly decreases
the interlayer Van der Waals forces, efficiently exfoliates
the bulk g-C;N4 and generates sheet-like g-CsNy. The
increase in specific surface area can provide additional
active sites and improve the photocatalytic performance.
Acid etching not only increased the specific surface area
but also decreased the band gap of g-C;N,, enabling the
absorption of photons with longer wavelengths and thus a
redshift in the optical absorption edge. However, the
tri-s-triazine structure was damaged during the acid

1.0

etching process, which led to defects in the
recombination centers of photoexcited electron—hole
pairs and led to a deterioration in catalytic activity.
Therefore, the degradation ratio of ACN reached 81.3%/3
h, and the ACN rate constant was 2.8 times greater than
that of CN. Coupling treatment with NH,ClI significantly
enhanced the photocatalytic performance of CN. At a
content ratio of 5:4, the degradation ratio reached the
highest value of 89.2%/3 h, and the rate constant was 3.4
times that of CN. It is notable that a further increase in
NH4Cl content led to a decrease in photocatalytic
performance. Therefore, etching can change the band
structure and the specific surface area. The CNN4
sample, which has features including good dispersion,
lack of agglomeration and a 2D nanosheet structure,
exhibited the greatest photocatalytic activity, which is
attributed to two factors: 1) The narrow band gap can
increase the wavelength range of absorbed photons and
improve the concentration of photogenerated carriers; 2)
The greater specific surface area offers more active
absorption sites and photocatalytic reaction centers. To
determine the ability of the g-C;N,4 catalytic agent to
degrade contaminants, RhB samples degraded by CNN4
for different degradation times were scanned by a UV-vis
spectrometer, and the results are shown in Fig. 10e. As
shown in the Fig. 10e, after 180 min of degradation, the
color of the RhB solution gradually faded from purplish
to colorless. The maximum absorption wavelength of the
sample moves from 556 nm to 496 nm, and the intensity
of the absorption peak decreases gradually. According to
the research results, this process is in which RhB first
gradually removed the ethyl group and then underwent
ring-breaking mineralization. To further investigate the
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(a) Photodegradation rate of systems (b) Photodegradation rate of systems (c) Pseudo-first-order reaction kinetics of
with different NH,4Cl addition with different treatment methods systems with different NH4Cl addition
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(d) Pseudo-first-order reaction kinetics of

systems with different treatment methods

Fig. 10

(e) UV—vis spectra changes during RhB
degradation by the CNN4 sample

(f) Degradation of tetracycline hydrochloride

over the prepared samples

Photodegradation properties of as-prepared samples
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degradation range of the prepared samples, we further
used tetracycline hydrochloride as the target to test the
degrading ability of the CNNI-CNNS5 samples. The
results are shown in Fig. 10f. As shown in Fig. 10f, all
five prepared samples showed some degree of
degradation with the tetracycline hydrochloride solution.
Among them, the CNN4 sample had the strongest
degradation ability, and the degradation rate in 240 min
was 83.2%. This result shows that the CNN4 sample has
a strong photocatalytic degradation ability for
tetracycline hydrochloride solution. The prepared
samples can be used not only to degrade dye solution but
also to degrade antibiotic solution.

It is well known that the process of photocatalytic
degradation of organic pollutants is due to the
photogenerated electrons (e”) and holes (h") produced by
the catalyst under the excitation of light. The formed e
and h' react with the materials adsorbed on the surface of
the catalyst to form superoxide radical (-O*) and
hydroxyl radical (-OH). Finally, these free radicals and h"
react with organic pollutants to degrade and mineralize
the pollutants. To investigate the role of free radicals and
holes in the photocatalytic degradation of RhB by CNN4,
p-benzoquinone (BQ) was selected as an (-O%) free
radical trapping agent, and ammonium oxalate (AO) was
selected as a hole trapping agent. Isopropanol (IPA) was
used as a trapping agent for ‘OH free radicals. The test
results are shown in Fig. 11. It can be seen from the
diagram that after 3 h of photocatalytic degradation, the
degradation rate of RhB by the CNN4 sample reached
89.2% without a trapping agent. After adding BQ, the
degradation efficiency decreased significantly to 30%,
while that of AO decreased to 60%. After adding IPA, the
degradation efficiency was 90%. From the above data, it
can be seen that -O” photogenerated holes play a major
role in the photocatalytic reaction of RhB degradation by
CNN4.

100
) BQ (0.01 mol/L)
80 F
60 L AO (0.01 mol/L)
s L
Q
40 F
IPA (0.01 mol/L) No scavenger
20
0 i i
0 30 60 90 120 150 180
t/min
Fig. 11 Photocatalytic degradation of RhB over the CNN4

sample and with the addition of different
scavengers
3.3 Photocatalytic mechanism of the 2D g-C;N,

nanosheets
Based on the above results, a tentative mechanism

of the photocatalytic process is illustrated in Fig. 12 and
is described by Eq. (7)-Eq. (12). Under visible light
irradiation, electrons were excited from the VB to the CB
of g-C3N4. The VB edge of g-CsN, is not sufficiently
positive to generate OH- or oxidize RhB. The CB is
sufficiently more negative than -O,(—0.33 eV) to react
with soluble oxides and generate -O,. H,O, participates
in the process as a cocatalyst. The presence of H,O, not
only produces OH- under light irradiation but also reacts
with -O, to generat e OH-. OH- is the second strongest
oxidizing species after fluorine that can efficiently
mineralize dye solution. The dominant radical reagents in
the photocatalysis reaction are OH- and -O,. During the
photocatalytic process, the concentrations of electrons
and holes can be calculated by Eq. (13)-Eq. (15)™".

hv
Semiconductor(SC)— 4" ) +€ (g, 7
SC. +0,—->SC+-0, ®)
¢ (cB)
-0, + RhB — Degradation product 9
hv
H,0, —»20H- (10)
0,+H,0, > OH-+0, +OH" 11
OH - +RhB — Degradation products (12)
¢,¢, =N_N, exp[-E, / kT] (13)
3
* 2
N = 2S7(27m:7kBT) (14)
h
3
* 2
N - 28, (27tn31+kBT) (15)
h

where ¢, and ¢, are the concentrations of electrons and
holes, respectively, and m is the mass of the electrons and
holes. N_is the effective state density of the conduction
band and N, is the effective state density of the valence
band. The concentrations of electrons and holes are
constant under certain ambient conditions. The reaction
between ‘O, and H,0, consumes the photoexcited
electrons and generates extra electrons to produce
more -O,, greatly improving the degradation rate Eryp.

Without H,O,

. visibic Il
¢+0, -0

[=OH/OH2.27 eV

RhB (1.43 ev) (¢
H,0,—20H:

Fig. 12 Mechanism of photocatalytic activity
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4  Conclusion

1) 2D nanosheet g-C;N, was synthesized by thermal
polycondensation and etching treatment, and the CNN4
sample exhibited a well-dispersed, agglomeration-free
g-C;N, material.

2) The crystal structure of the g-C3N4 samples did
not change after etching. All three etching methods can
effectively reduce the Van der Waals force between layers
of g-C;N,. The CNN4 sample of g-C;N, synergistically
treated with NH4Cl1 showed the best peeling effect, with a
specific surface area of 22 m%/g.

3) The CNN4 sample showed the best photocatalytic
activity among all of the specimens with various NH4Cl
additions. During the degradation of RhB solution, the
photocatalytic rates of CNN4, HCN and ACN were 3.4,
2.9 and 2.8 times higher than that of CN, respectively. In
240 min, the CNN4 sample degraded 83.2% tetracycline
hydrochloride solution.

4) The dominant radical reagents in photocatalysis
are ‘O, and OH-. H,0, participated in the photocatalytic
process as a cocatalyst. The probable mechanism of the
photocatalysis reaction was investigated.
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