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Herein, well-scattered g-CsN4 nanosheets were obtained using a liquid stripping method in an ammonia
solution at various temperatures. The phase structures, morphologies, and elemental compositions were
characterized by X-ray diffraction, transmission electron microscopy, X-ray photoelectron spectroscopy,
Raman spectra, and Fourier transform infrared spectroscopy. The nanosheets with sizes of several
hundred nanometers can be obtained via liquid stripping. The photocatalytic performance of the g-CsNg4
nanosheets was measured by degrading RhB under visible-light illumination. The g-CsN4 (30)
nanosheets can achieve the highest degradation rate of 88% in 60 min, which is 5 times that of bulk g-
C3N4. The mechanisms of the enhancement were studied by discussing the whole photocatalytic
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1 Introduction

Recently, the increasing global crisis of environmental issues
has become a serious threat to the long-term development of
human society. The application of TiO, as a classic semi-
conductor photocatalyst has been studied for a long time.*
Recently, a new metal-free semiconductor graphic carbon
nitride (g-C;N,) has been identified as a potential photocatalyst
under visible-light illumination>* for various processes
including hydrogen evolution from water splitting,* CO,
reduction into hydrocarbon fuels,® organic compounds degra-
dation,® and so on. The reason for the popularity of g-C;N,
among many scholars is its high chemical stability and
appealing electronic structure.”® The band gap of g-C3;N, is
approximately 2.70 eV with a valence band and conduction
band at +1.60 and —1.10 eV, respectively.’ It is in fact a graphite-
like layered material with weak van der Waals forces between
layers.* However, bulk g-C;N, obtained using thermal poly-
condensation shows heavy agglomeration, which is adverse for
photocatalytic applications.

Many methods, such as photocatalyst coupling,"**** elemental
doping,”™* morphology control,'*"” and exfoliation,*>" have
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been used for enhancing the photocatalytic performance of g-
C;N,. Inspired by the huge success of graphene exfoliated from
bulk graphite, the rational extension of the graphene strategy to
layered g-C3N, is possible. Zhang et al. reported the preparation
of g-C;N, nanosheets using water as a solvent during ultra-
sonication. The nanosheets with a thickness of 2.5 nm showed
extremely high PL quantum yield of up to 19.6%.?* Sano et al.
treated melamine-derived g-C;N, with a NaOH solution. The
grain size of the treated g-C3N, was significantly reduced along
with the formation of a mesoporous structure, and the surface
area was enlarged from ca. 8 to 65 m> g~ ".* Zhao et al. combined
the thermal exfoliation method with sonication process in
organic solvents that resulted in single-atomic-layer g-C;N,
nanosheets with higher photocurrent and lower charge-transfer
resistance as compared to bulk g-C;N,.***® However, there are
many deficiencies in these stripping methods, for instance, the
small yield of g-C3N, nanosheets, complex experimental meth-
odology, and long experimental period.

Herein, we present g-C;N, nanosheets fabricated by an easy
and environmentally friendly method of liquid stripping in an
ammonia solution; this method is believed to be an efficient
way for developing g-C;N, nanosheets as photocatalysts for
environmental remediation.

2 Experimental
2.1 Chemicals and instruments

Melamine (C3HgNg), ammonia water (NH;-H,0), ethyl alcohol
(C,HgO), and rhodamine B (RhB) were purchased from
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Sinopharm Chemical Reagent company. All reagents are
analytical reagent (AR) and used without further purification.

An X-ray diffractometer (D/MAX2500 V) with Cu Ko radiation
was used to measure the phase structures of the samples, and
the range of 26 was from 5° to 90°. A JEM-2100F high-resolution
transmission electron microscope was used to observe the
morphologies of the samples. An ESCALAB 250 photoelectron
spectrometer with a monochromatic Al Ko, X-ray beam (1486.60
eV) was used for elemental analysis. An FTIR spectrometer
(Nicolet 6700) was used to investigate the functional groups of
the samples. Raman spectroscopy of the samples was con-
ducted using an HR Evolution spectrometer with a 785 nm
laser; a diffuse reflectance spectrometer (UV3600, Shimadzu)
with BaSO, as the reference was used to investigate the optical
absorption performance of the samples.

Photocatalytic tests were completed using an XPA-7 photo-
chemical reactor (Nanjing Xujiang Machine-electronic
Company, China). A 250 W metal halide lamp with UV light
filters removing light shorter than 420 nm was used as the
visible-light source.

2.2 Synthesis

Bulk g-C3N, was synthesized by heating melamine in a muffle
furnace (OTF-1200X) at 550 °C for 4 h at a heating rate of 8 °C
min~". A luminous yellow product was obtained and defined as
bulk g-C3N,.

The stripping of g-C;N, was conducted by treating the bulk g-
C;N, in an ammonia solution at different temperatures, and
a schematic of the process is shown in Fig. 1. Briefly, 200 mg of
bulk g-C3N, was dispersed in 25 mL of ammonia solution and
the dispersion was placed in a Teflon-lined high pressure
reaction kettle. Then, the reaction kettle was sealed and placed
in an oven at a certain temperature for 8 h. Finally, the g-C;N,
nanosheets were obtained via centrifuging and rinsing the
suspension. The g-C3;N, nanosheets obtained at various
temperatures of 30, 60, 80, and 100 °C were defined as g-C3N,
(30), g-C3N, (60), g-C3N, (80), and g-C3;N, (100) nanosheets,
respectively.

2.3 Photocatalytic properties

Rhodamine B (RhB) was used to evaluate the photocatalytic
performance of the g-C;N, nanosheets. In a typical procedure,
10 mg photocatalysts were dispersed in 10 mL of RhB solution
at a concentration of 10 mg L™ . The suspension was vigorously
stirred for 30 min to achieve an adsorption/desorption
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equilibrium in the dark. A 250 W metal halide lamp with UV
light filters (420 nm) was used as the visible-light source. An
XPA-7 photochemical reactor was used for the photocatalytic
reactions. The distance between the solution and the lamp was
10 cm. Every 30 min, a test tube was taken out, and the sus-
pended liquid was centrifuged. Then, a UV1800 spectrometer
was used to measure the clear solution, and the remaining
concentration of RhB could be obtained.

3 Results and discussion

3.1 Characterization

Fig. 2 shows the X-ray diffraction (XRD) patterns of bulk g-C3N,
and the g-C3;N, nanosheets obtained at different temperatures.
Herein, two typical diffraction peaks were observed in all the
samples. The strong peak at 27.83° can be indexed as the
diffraction peak of the (002) lattice plane, originating from the
characteristic interlayer periodic stacking along the c-axis in
graphitic carbon nitride.?® The weak diffraction peak at 12.94°
corresponds to the (100) lattice plane of g-C3N, with a plane
spacing of 0.680 nm, corresponding to the in-plane structural
packing motif or the heptazine units.

When compared with those of bulk g-C;N,, the diffraction
peak positions of all g-C3N, nanosheets are almost the same,
indicating the same interplanar spacing of the (002) planes.
Apparently, the (002) diffraction peaks are in good agreement
with those of the previously reported g-C3;Ny4;*” this indicates
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dede I\ &-CN, (100)
3 &CN, (80)
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£ ZCN, (60)
=)
2 I
E M\—\J
N 2CN, (30)
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Fig. 2 The XRD patterns of bulk g-C3zN,4 and the g-C3N4 nanosheets
prepared at different temperatures.
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NH3-H20 /_m_\_/z
w Temperature —_——
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Fig. 1 A schematic of the synthesis of the g-CsN4 nanosheets.
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that the g-C3N, nanosheets still retain a layered structure after
being treated with the ammonia solution. In addition, the
intensity of the (002) peak significantly decreases after liquid
stripping; this demonstrates the thin layer of g-C;N, nanosheets
with short periodicity.

The g-C3N, nanosheets show a new diffraction peak at 6.22°
when the temperature is 60 °C; this peak may be attributed to
the (001) lattice plane with the d-spacing of 1.421 nm.*® The
peak intensity increases with temperature ranging from 60 to
100 °C. Especially, the narrow peaks of the (001) and (100)
lattice planes in the g-C3N, (100) nanosheets indicate the good
crystallization of this product.

The morphologies of bulk g-C;N, and the g-C;N, nanosheets
were observed by transmission electron microscopy (TEM), as
shown in Fig. 3. Fig. 3(i) shows the morphology of bulk g-C;N,
without further treatment. Only large agglomerates with the
sizes of several micrometers can be observed in the TEM images
of bulk g-C3;Nj,.

The morphologies of the liquid stripping products obtained
at different temperatures are shown in Fig. 3(ii)~(v). The g-C3N,
(30) and g-C;N, (60) nanosheets show similar morphologies as
the bulk g-C;N,. However, the stripping traces of the
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nanosheets on the large agglomerates can be observed, as
shown in Fig. 3(ii) and (iii). The morphologies of g-C;N, (80)
and the g-C3N, (100) nanosheets significantly changed, as
shown in Fig. 3(iv) and (v). The nanosheets with the sizes of
several hundred nanometers were observed in the g-C;N, (80)
sample. The thickness of the nanosheets is difficult to deter-
mine because the nanosheets are lying flat. Many rise-like
nanoparticles can be observed in the g-C3N, (100) sample,
which are assembled from fine g-C;N, nanosheets.

The elemental compositions of different samples were
analyzed by XPS, as shown in Fig. 4. Fig. 4(i) shows the survey
patterns of bulk g-C;N, and the g-C3N, nanosheets, from which
it can be seen that g-C3N, is primarily composed of carbon and
nitrogen. In addition, the peak intensities of the g-C3N, nano-
sheets were significantly lower than that of bulk g-C;Ny; this
could be ascribed to the layered loose structure produced by the
stripping process. To gain insight into the chemical bonds
between the carbon and nitrogen elements in g-C;Ny, the high-
resolution patterns of the C 1s and N 1s spectra were further
decomposed into Gaussian-Lorentzian peaks, respectively.
Fig. 4(ii) shows the high-resolution patterns of C 1s, from which
two peaks at 288.1 eV and 284.7 eV can be observed. The former

Fig.3 The TEM morphologies of bulk g-C3N4 (i) and the g-C3N4 nanosheets obtained at different temperatures of 30 °C (i), 60 °C {iii), 80 °C (iv),

and 100 °C (v).
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Fig. 4 The XPS patterns of bulk g-C3N4 and the g-C3sN4 nanosheets prepared at various temperatures: (i) survey pattern, (i) high resolution
pattern of C 1s, (iii) N 1s of bulk g-C3Ny, (iv) N 1s of g-C3N4 (30), (v) N 1s of g-C3N4 (60), (vi) N 1s of g-CzN4 (80), (vii) N 1s of g-C3N4 (100), and (viii)
the N/C ratios of the different samples.

can be assigned to the sp>hybridized carbon in the N- typically assigned to impurity of carbon such as C=C or grease.
containing aromatic ring (N-C=N),*® which is the major Moreover, the high-resolution patterns of N 1s were also
aromatic carbon species in the polymeric g-C;N,. The latter is decomposed into four different peaks with the binding energies

37188 | RSC Aadv., 2017, 7, 37185-37193 This journal is © The Royal Society of Chemistry 2017
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at approximately 398.6, 400.0, 401.0, and 404.3 eV, respectively,
as shown in Fig. 4(iii)~(vi), which could be assigned to the sp’-
hybridized nitrogen involved in the tri-s-triazine ring (C-N==C),
the tertiary nitrogen N-(C); group, the hydrogen-bearing amine
C-N-H group, and the charge effects or positive charge locali-
zation in the heterocycles, respectively.*

Table 1 is the peak information of N 1s obtained from the
Gaussian decomposition shown in Fig. 4(iii)-(vi), including the
peak position, full width at half maximum (FWHM), and peak
area and percentage.

Compared to those of bulk g-C;N,, the peak areas of the g-
C;N, nanosheets dramatically reduced, which well-matched
with the intensity change observed in the XRD patterns. In
addition, the FWHM of the C-N-H group and N-(C); group
peaks in the g-C;N, nanosheets are different from that of bulk g-
C;3N,; this may be ascribed to the NH; molecules in the inter-
lamination of g-C;N, and the change in the C-N-C and N-(C);
environment.*" Especially, the FWHMs of the N—(C); peak in the
2-C3;N, nanosheets are much wider than those found in bulk g-
C;N,; this indicates that more tri-s-triazine in the bulk g-C;N,
are separated after it is treated in an ammonia solution. The
peak position of the C-N-H group in g-C3N, (80) and the g-C3N,
(100) nanosheets slightly shifts towards higher energy,
demonstrating that the electron density of the N atoms is
reduced, which is a typical feature of the exfoliation process.**
Moreover, the increase in the C-N-H percentage from 8.96% in
bulk g-C3N, to 16.57%, 15.39%, 13.04%, and 11.89% in the g-
C;N, nanosheets indicates the breakage of in-layers.

Fig. 4(viii) shows the N/C ratio of bulk g-C;N, and the g-C3N,
nanosheets, which are 1.328, 1.372, 1.385, 1.339, and 1.335.
Apparently, the N/C ratio of the g-C;N, nanosheets was close to
the N/C ratio of bulk g-C3N,; this indicated that the chemical
composition and the coordination of carbon and nitride in the
2-C3;N, nanosheets were retained during the liquid exfoliation
process.** However, higher N/C ratios of g-C;N, (30) and g-C3N,
(60) than those found in bulk g-C3N, may be ascribed to the

Table 1 The peak parameters of N 1s in different samples
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adsorption of NH; molecules in the interlayers of the g-C3N,
nanosheets, leading to the lattice expansion and exfoliation of
the nanosheets.

Fig. 5 shows the Raman spectra of bulk g-C;N, and the g-
C;3;N, nanosheets obtained at various temperatures. The char-
acteristic peaks of g-C3N, agree well with that reported in
literature.** Moreover, all the Raman bands observed for bulk g-
C3N, can be found in the g-C;N, nanosheets; this confirms that
the main structure of the g-C;N, nanosheets is not destroyed. In
addition, the intensities of the peaks at 590 cm™*, 707 ecm ™,
767 cm ™', 1233 ecm !, and 1311 cm ™' in the g-C3N, nanosheets
decrease as compared to those of bulk g-C;N,; this can be
attributed to the effect of the liquid stripping process.

The chemical structures of bulk g-C;N, and the g-C;N,
nanosheets were further investigated using the FTIR spectra,
as shown in Fig. 6. An absorption band in the region from
1000 to 1750 cm ™' and a peak at 890 cm ™' are the charac-
teristic absorptions for the stretching and bending modes of
N-containing heterocycles, respectively.>® The broad peak at

£CN, (100)

Intensity / (a.u.)

Bulk g-C,N,

900 1200 1500

Raman shift / cm’'

600 1800

Fig.5 The Raman spectra of bulk g-CsN4 and the g-CsN4 nanosheets
obtained at various temperatures.

Parameter
Sample Position (eV) FWHM (eV) Area Percentage (%)
Bulk g-C3N, C-N-C 398.6 0.99 91 563.29 71.99
N-(C); 400.0 1.44 24 229.73 19.05
C-N-H 401.1 1.01 11 400.55 8.96
g-C3N, (30) C-N-C 398.7 1.16 21 573.94 57.73
N-(C); 400.0 1.09 9606.33 25.70
C-N-H 401.1 1.56 6192.46 16.57
2-C3N, (60) C-N-C 398.6 1.13 28 493.51 60.13
N-(C); 400.0 1.09 11 598.98 24.48
C-N-H 401.1 1.45 7289.68 15.39
g-C3N, (80) C-N-C 398.7 1.19 31478.32 66.04
N—(C); 400.3 1.19 9968.00 20.91
C-N-H 401.5 1.34 6217.44 13.04
2-C3N, (100) C-N-C 398.6 1.16 32 828.71 70.59
N-(C); 400.3 1.21 8146.68 17.52
C-N-H 401.4 1.25 5530.19 11.89

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The FTIR spectra of bulk g-C3N,4 and the g-CzN4 nanosheets prepared at various temperatures.

approximately 3200 cm ™" was related to the N-H stretching

associated with the hydrogenation of sp>-N.3** The detailed
information is shown in Fig. 6(ii) and (iii). In Fig. 6(ii), the
signals at approximately 808 cm ™' can be attributed to ring-
sextant out-of-plane bending vibration of the triazine or
heptazine units.*® Clearly, this peak of the g-C3N, (100)
nanosheets slightly shifts towards higher wavenumber; this
is evidence of the exfoliation effect. In Fig. 6(iii), the peaks at
1238, 1319, 1458, and 1637 cm ! can be attributed to the
skeletal vibrations of the heptazine heterocyclic ring (C¢N5)
units. In addition, the peak at 1410 cm™" is a characteristic
absorption peak for the stretching vibrations of the s-triazine
ring (C3;N;) units. On combining the results of XPS and
FTIR analyses, it can be confirmed that the extracted
nanosheets are in fairly good accordance with the recent
reports of g-C;N, materials prepared via polycondensation
reactions.*’

3.2 Photocatalytic performance

The optical absorption and photoluminescence patterns of bulk
2-C;N, and the g-C;N; nanosheets obtained at different
temperatures are shown in Fig. 7. As shown in Fig. 7(i), two
absorption peaks at 366 nm and 270 nm were obtained for bulk
g-C3N,. The g-C3N, nanosheets obtained at different tempera-
tures show similar absorption bands with double peaks at
366 nm and 270 nm with a slight decrease in the absorption
intensity.

37190 | RSC Adv., 2017, 7, 37185-37193

The photoluminescence patterns of bulk g-C;N, and the g-
C;N, nanosheets under the excitation of 315 nm UV light are
shown in Fig. 7(ii). All the samples possess the same emission
peak at approximately 458 nm, originating from the deficiencies
in g-C3N,. The intensities of the g-C;N, nanosheets, particu-
larly, those of the g-C3N, (60) and g-C3N, (80) nanosheets,
prepared at various temperatures are higher than those of bulk
g-C3Ny, indicating more structural deficiencies in the exfoliated
g-C3N, nanosheets.

The photocatalytic performance was evaluated via RhB
degradation, as shown in Fig. 8. Fig. 8(i) shows the plots of RhB
degradation rate vs. time. The initial 30 min shows the
adsorption rate of RhB in dark. Bulk g-C;N, shows an adsorp-
tion ratio of approximately 5% in 30 min, higher than that of the
P25 powder (1.2% in 30 min). All the g-C3N, nanosheets show
a higher adsorption rate than bulk g-C;N,. The g-C;N, nano-
sheets obtained at 80 °C and 100 °C achieve a similar and
highest adsorption ratio of ~12%.

Bulk g-C;N, possesses poor photocatalytic performance in
the decomposition of RhB due to low surface area. After illu-
mination with visible-light for 120 min, only 27.7% (containing
5% adsorption) of RhB was decomposed in the presence of bulk
g-C3N,, whereas for P25 powder, the decomposition ratio was
approximately 58%. All the g-C;N, nanosheets possess higher
photodegradation rates than bulk g-C;N,. In addition, most of
the g-C;N, nanosheets can completely degrade RhB in 120 min.
Although the g-C3N, nanosheets obtained at various

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The photocatalytic performance of bulk g-CsN,4 and the g-C3N4 nanosheets prepared at various temperatures under visible-light illu-
mination. (i) The degradation rate of RhB vs. time and (ii) the recyclability test of the g-C3N4 (100) nanosheets.

temperatures show similar degradation rates in 90 and 120 min,
the difference in the degradation velocity among the g-C3;N,
nanosheets can be observed at a degradation time of 30 min.
The g-C;N, (30) nanosheets achieve the highest degradation
ratio of 60% in 30 min under visible-light illumination. The
increase in temperature slightly decreases the degradation rate
to 55% in the g-C3;N, (80) and g-C;N, (100) nanosheets.

Fig. 8(ii) shows the plots for RhB degradation when the g-
C3N, (100) nanosheets are reused for 10 cycles under the same
conditions. In the first cycle, RhB can be completely degraded at
120 min. When the photocatalytic process was further repeated
10 times, the photocatalyst retained the same degradation
ability, indicating excellent recyclability of the g-C;N, nano-
sheets under visible-light illumination.

3.3 Mechanism discussion

2-C3N, can be exfoliated in an ammonia solution at various
temperatures, leading to an increase in the visible-light photo-
catalytic activity. The optical absorption, surface adsorption,
charger transfer, and surface -catalytic reactions* have
been discussed to explain the change in the photocatalytic
performance.

This journal is © The Royal Society of Chemistry 2017

The optical absorption of the g-C;N, nanosheets has been
discussed in Fig. 7, which is the first step in the photocatalytic
process. Clearly, the absorption edges of the g-C;N, nanosheets
show a slight blue shift when compared with those of bulk g-
C;Ny; this is adverse for visible-light photocatalytic degradation.
The blue-shift in the band edge and low adsorption intensity of
the g-C3;N, nanosheets confirmed that the change in the optical
absorption was not the factor responsible for enhancing the
photocatalytic performance of g-C;N, after it was treated in an
ammonia solution.

Surface area is also a key factor influencing the photo-
catalytic performance. A higher surface area can supply more
active sites for surface reactions, thereby enhancing the pho-
tocatalytic performance. The specific surface area of g-C3;N,
(100) was measured to be 41.1 m* g~ ', which was much higher
than that of bulk g-C;N, (15.2 m® g~ ). The high specific surface
area of the g-C3;N, nanosheets with a large number of defi-
ciencies plays a key role in the photocatalytic degradation of
RhB by providing more active sites.

A schematic of the photocatalytic process is shown in Fig. 9.
When excited, the electrons in the valence band (VB) will move
to the conduction band (CB), leading to the generation of the
electron-hole pairs. On the surface of the photocatalyst,
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Fig. 9 A schematic of the photocatalytic process.

electrons combine with dissolved oxygen, generating super-
oxide anions (O, ), and the holes are captured by hydroxyl
ions, generating hydroxyl free radicals ("OH). Then, organic
compounds will be oxidized by '0,~, "OH, and h". Thus, ‘0,
"OH, and h* are commonly considered as the main active
species in the photocatalytic process. Herein, three sacrificial
agents Nal for h*, BQ for "0, ™, and IPA for ‘OH were added to
the RhB solution to study the main active species during the
photocatalytic process.

The degradation rates of the RhB solution with the addition
of different sacrificial agents for bulk g-C3N, and g-C;N, (30) are
shown in Fig. 10. The degradation rates of bulk g-C;N, decrease
from 40% to 12% and 25% with the addition of Nal and BQ,
which indicates that holes and 'O, radicals exist in the pho-
tocatalytic process. However, the degradation rate of bulk g-
C;N, slightly decreases from 40% to 38% with the addition of
IPA, indicating that "OH radicals are not the main active species
in the photodegradation process. Similarly, the changes in the
degradation rate with the addition of sacrificial agents were
measured for the g-C;N, nanosheets. Nal decreases the degra-
dation rate from 99.5% to 60.7% and BQ decreases the degra-
dation rate to 51.7%. However, the degradation rates are still
99.3% when IPA is added to the RhB solution, indicating that
hydroxyl free radicals are not the active species in the photo-
catalytic process of the g-C;N, nanosheets and the exfoliation in
ammonia solution does not change the surface reactions.
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Fig. 10 The photocatalytic performance of bulk g-CsN4 and the g-
C3sN4 nanosheets towards RhB solutions upon adding 10 mM of
sacrificial agent including IPA, Nal and BQ.
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4 Conclusions

Herein, g-C3N, nanosheets were obtained by exfoliating bulk g-
C;3;N, in an ammonia solution at various temperatures. The
nanosheets with sizes of several hundred nanosheets can be
obtained after liquid stripping in an ammonia solution. The
photocatalytic performance of the g-C;N, nanosheets under
visible-light illumination was significantly enhanced. All the
exfoliated g-C5N, nanosheets can completely degrade 10 mg L™
RhB in 120 min under visible-light illumination. In addition,
the g-C3N, (30) nanosheets achieve the highest degradation rate
of 88% in 60 min, which is 5 times that of bulk g-C;N,. The
enhancement in the photocatalytic performance under visible-
light illumination originates from the higher surface area
with more active sites.
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